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amplified for dendritic systems prepared via iterative synthesis. Three synthetic methods, Ni-catalyzed
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harnessed as a tool for the synthesis of a new class of self-assembling dendron, biphenylpropyl ether
dendrons. Through the synthesis of generational libraries of biphenylpropyl ether dendrons, new modes of
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dendrons, reveal predictability in their self-assembly and allow for the construction of a ‘nano-periodic’
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limits the likelihood of discovering new modes of self-assembly via library synthesis using existing design
strategies. A new design strategy, the “Deconstruction Approach”, where a dendritic topology is
systematically stripped of its branches, is developed and applied to biphenylpropyl ether dendrons. This
first library of “Deconstructed” biphenylpropyl ether dendrons demonstrates the power of the strategy to
uncover a multitude of new architectures hidden in previously unexplored dendron topologies.
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challenges derived from the merging of organic iterative synthesis and polymerization. The mechanism of
a new robust polymerization technique, Single-Electron Transfer Living Radical Polymerization (SET-LRP)
is elaborated. “Thio-Bromo Click” chemistry is developed as a new tool for the construction of poly(thiopropionoate (PTP) dendrimers. Through the combination of SET-LRP “Thio-Bromo Click” chemistry, an
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Abstract

ADVANCES IN SUPRAMOLECULAR AND MACROMOLECULAR
CHEMISTRY THROUGH THE DEVELOPMENT OF NEW SYNTHETIC
METHODOLOGIES

Brad M. Rosen
Virgil Percec

Development of complex supramolecular and macromolecular systems is driven
by the development of new enabling synthetic methodologies. The demands placed upon
specific chemical transformations are amplified for dendritic systems prepared via
iterative synthesis. Three synthetic methods, Ni-catalyzed neopentylglycolborylation,
Single-Electron Transfer Living Radical Polymerization, and “Thio-Bromo Click”
Chemistry are elaborated and utilized in the synthesis of new covalent and
supramolecular dendrimers and dendritic macromolecules.
Sequential nickel catalyzed neopentylglycolborylation and cross-coupling of aryl
halides is pioneered and harnessed as a tool for the synthesis of a new class of selfassembling dendron, biphenylpropyl ether dendrons. Through the synthesis of
generational libraries of biphenylpropyl ether dendrons, new modes of self-assembly are
discovered, including the first example of self-organizable vesicular spheres, which
represent the largest reported spherical supramolecular dendrimers with MW of 1.7  106
vii

g/mol. More importantly, comparison of all libraries of self-assembling dendrons with
that of the biphenylpropyl ether dendrons, reveal predictability in their self-assembly and
allow for the construction of a ‘nano-periodic’ table of dendrons. This predictability,
while useful for rational design of new self-assembled systems, limits the likelihood of
discovering new modes of self-assembly via library synthesis using existing design
strategies. A new design strategy, the “Deconstruction Approach”, where a dendritic
topology is systematically stripped of its branches, is developed and applied to
biphenylpropyl ether dendrons. This first library of “Deconstructed” biphenylpropyl ether
dendrons demonstrates the power of the strategy to uncover a multitude of new
architectures hidden in previously unexplored dendron topologies.
In addition to self-assembling dendrons, dendritic macromolecules possess their
own unique synthetic challenges derived from the merging of organic iterative synthesis
and polymerization. The mechanism of a new robust polymerization technique, SingleElectron Transfer Living Radical Polymerization (SET-LRP) is elaborated. “Thio-Bromo
Click” chemistry is developed as a new tool for the construction of poly(thio-propionoate
(PTP) dendrimers. Through the combination of SET-LRP “Thio-Bromo Click” chemistry,
an expeditious three-step “Branch and Grow” strategy for the synthesis of dendritic
macromolecules is possible.
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CHAPTER 1
General Introduction
In natural product chemistry, a target molecule or class of molecules often
provide inspiration for new synthetic methodologies and insight into the relationship of
structure, biological activity, and reactivity. While the synthetic targets in supramolecular
and macromolecular chemistry are not biologically active small molecules, efficient
synthetic methods and strategies are just as critical in their development. Both
supramolecular assemblies, macromolecules, and the functions for which they are
designed, can serve as synthetic targets (Figure 1.1). These targets require the design and
synthesis of monomeric precursors which are then covalently or non-covalently
connected to generate macromolecules or supra-molecular assemblies. In turn, these
monomeric precursors must be prepared from simpler building blocks. The need for
effective approaches to the synthesis of building blocks, and their combination to produce
monomeric

precursors

often

encourages

the

development

of

new

synthetic

methodologies. Once the monomeric precursors have been prepared through the
appropriate new or existing methodologies, their supramolecular or macromolecular
structure and function can be analyzed through the appropriate combination of analytical
techniques drawn from the chemical, physical, and in many cases biological sciences. In
some cases, existing analytical methods are insufficient and new techniques need to be
envisioned. Ultimately, successful synthesis and analysis of the prepared materials leads
to insights into the relationship between the structure of the monomeric building block
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and the function, properties, and three-dimensional structure of the resulting
supramolecular assembly or macromolecule.

Figure 1.1 – The Interconnectivity of Strategies and Methods in Supramolecular and
Macromolecular Chemistry
Herein, advances in supramolecular and macromolecular chemistry are made
through the development of new synthetic methodologies, demonstrating the
interconnectivity of strategies and methods (Figure 1.1). Chapter 2 provides a general
introduction to dendrons and dendrimers with particular focus on the self-assembling
dendrons prepared in the Percec Group. Chapter 3 details the development of sequential
Ni-catalyzed neopentylglycolborylation and cross-coupling. In Chapter 4, the new
synthetic methodology developed in Chapter 3 is used to prepare libraries of a novel class
of self-assembling biphenylpropyl-ether dendrons. Development of a new approach to
library analysis provides for the first time direct prediction of supramolecular structure
from the primary structure of the dendron, providing for a “nanoperiodic table” of selfassembling dendrons. The predictability of structure from function is useful for the
2

rational design of supramolecular structures. However, predictability indicates that
adherence to the same construction strategies for the convergent synthesis of dendrons
will produce libraries of dendrons with clustered molecular topologies (Figure 1.2) and
therefore, will result in limited discovery of new self-assembled architectures.

Figure 1.2 – Number of self-assembling Percec-type dendrons prepared with the
indicated number of branches and sequence length.
To circumvent this ‘dark side’ of predictability, in Chapter 5, a new strategy for
the design of self-assembling dendrons, “The Deconstruction Approach” is described
which systematically aims to produce molecular topologies not found in traditional
generational libraries. As hoped this new approach provides access to novel selfassembled structures that were not observed in previous libraries.
Chapter 6 connects supramolecular self-assembly with polymerization via an
investigation of the mechanism supramolecular polymerization in dendritic dipeptides via
3

temperature-dependant CD/UV-vis spectroscopy. Chapter 7 shifts gears toward
macromolecular chemistry, and provides an introduction to a novel Living Radical
Polymerization (LRP) technique developed in the Percec Laboratory, Single-Electron
Transfer Living Radical Polymerization (SET-LRP). Chapter 8 and Chapter 9 details
computational studies into structure of SET-LRP catalysts and the mechanism of
electron-transfer, respectively. Chapter 10 investigates the role of solvent and ligand on
the mechanism of disproportionation of Cu(I)X into Cu(0) and Cu(II)X2 and its
implications for SET-LRP. Finally in Chapter 11, dendrimer chemistry and living-radical
polymerization are merged through the development of a Novel “Thio-Bromo” click
reaction. “Thio-Bromo” click chemistry is utilized for the synthesis of a new class of
dendrimers via a two-step iterative branching sequence or is alternatively merged with
SET-LRP in a three-step “Branch and Grow” strategy for the synthesis of dendritic
macromolecules.
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Chapter 2
Introduction to Dendrons and Dendrimers
(Adapted with permission from ref. 1. Copyright American Chemical Society)

2.1 General Background and Definitions
Dendrimers and dendrons are architectural motifs synthesized by either divergent or
convergent iterative methods and therefore, they provide monodisperse non-biological
macromolecules with a primary structure of the same level of precision as biological
molecules and macromolecules. While most dendrimers and dendrons are liquids or
amorphous solids, they are nevertheless of great interest at the intersection of chemistry,
biology, physics, medicine, and nanoscience. By analogy with biological macromolecules
specific primary structures generate programmed dendrons that self-assemble into
functional supramolecular structures that self-organize into periodic or quasiperiodic
arrays. Therefore, through their molecular diversity, self-assembling dendrons and
dendrimers provide access to the elucidation of the mechanism of hierarchical transfer of
structural information from primary structure to higher structural levels. Ultimately they
will answer fundamental questions related to the structural origin of order and functions
and provide access to the emergence of complex functional systems. Self-assembling
dendrons also mediate the self-assembly and self-organization of diverse polymeric,
oligomeric and monomeric structures with various topologies.
Chapters 4 and 5 are concerned with the the development of novel self-assembling
Percec-type dendrons, while Chapter 6 is an investigation of the mechanism of the
supramolecular polymerization of Percec-type dendritic dipeptide. This chapter will serve
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as a general introduction to self-assembling Percec-type dendrons and therefore,
references to sections and figures from this chapter will be found in chapters 4,5 and 6. A
more complete version of this introduction, covering all-classes of self-assembling
dendrons and dendronized topologies can be found in a recent comprehensive review.1
There are a variety of concepts, defined below below, which are necessary for the
understanding of the material in Chapters 4-6. Self-Assembly - The process by which
dendrons or dendronized molecules aggregate to form supramolecular objects, i.e.
intermolecular

self-assembly.

Self-Organization

-

The

process

by

which

supramolecular or macromolecular objects arrange themselves into periodic lattices or
quasiperiodic arrays in solid state or solution. A quasiperiodic ordered array exhibits
rotational symmetry other than the crystallographically allowed 2,3,4, or 6-fold symmetry.
Quasi-equivalence2-3 - Quasi-equivalent building blocks are chemically identical
subunits that self-control their shape during self-assembly. Allosteric Regulation – The
influence and ultimate control of a conformation or structure via covalent or non-covalent
modification of a chemical sub-unit.

2.2 Synthesis of Percec-Type Dendrons
Dendrons can be prepared through iterative convergent4-6 and divergent7-14 growth
pathways (Scheme 2.1). In the convergent growth strategy, periphery units are
sequentially attached to ABn branching units. With each iteration, the number of total
branches is increased by a factor of n, where n is the number of branches introduced in
each branching unit. As n is typically between 2 and 4, the total number of attachments
6

per iteration is small and the resulting dendron can typically be prepared as a
monodisperse species with perfect branching that can be confirmed by a combination of
analytical techniques including a single peak in MALDI-TOF. The total number of
branches in a dendron produced via a convergent strategy is equal to ng, where g is the
generation number. In the divergent growth strategy, a m-branched core is iteratively
decorated with ABn branching units. The total number of attachments needed for a
generation g dendron is equal to m  (ng-1). At low generations, dendrons produced via
divergent strategies may be isolable as a monodisperse species, but at higher generation
imperfect branching and some polydispersity may be unavoidable, resulting in multiple
MALDI-TOF peaks. de Gennes “dense-packing” theory imposes, a physical limit on the
perfection of divergent growth due to steric crowding at highly functionalized
peripheries.15 Accordingly, steric-crowding and the high number of simultaneous
periphery functionalization needed at high generation number limit perfect growth in the
divergent approach. Further, the number of reactive surface groups tends to increase the
number of deleterious side-reactions. The generation at which a monodisperse structure is
no longer attainable is dictated by the efficiency of the attachment chemistry and the
length and flexibility of linkages between branching points. The divergent growth
strategy results in dendrons with total branching proportional to m  (ng). Like
supramolecular dendritic polymers, self-organization in dendron-jacketed polymers is
partially mediated by exo-recognition of the dendrons. Structural imperfections tend to
diminish this recognition and therefore, a high degree of structural uniformity is needed
to mediate self-organization. Therefore, the convergent growth strategy is the most
7

frequently employed approach for the synthesis of self-organizing dendrons, dendronized
polymers, and other dendronized topologies. As such all Percec-type dendrons are
prepared through a convergent strategy.

Scheme 2.1 – Divergent (left) and Convergent (right) synthesis of dendrons and
dendrimers. Reprinted with permission from reference. 4. Copyright 2001 American
Chemical Society.
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Percec reported the synthesis of self-assembling dendron built from 4-hydroxy-,
3,4-dihydroxy-, 3,5-dihydroxy-, and 3,4,5-trihydroxybenzoates (Scheme 2.2). A diversity
of periphery alkyl groups can be etherified onto inexpensive commercially available
methyl

4-hydroxybenzoate,

methyl

3,4-dihydroxybenzoate,

methyl

3,5-

dihydroxybenzoate, and methyl 3,4,5-trihydroxybenzoate. Typically, the hydroxy
benzoate, for example methyl, ethyl, or propyl 3,4,5-trimethoxybenzoate was alkylated
with C12H25Br. The resulting dendritic ester, (3,4,5)12G1-CO2Me, was reduced to the
alcohol with LiAlH4 and converted to the benzyl chloride with thionyl chloride. Higher
generation Percec-type dendrons can be prepared by alkylation of benzyl chloride
dendron (3,4,5)12G1-CH2Cl onto another hydroxy-branched benzoate, for example
methyl 3,4,5-trihydroxybenzoate, to form (3,4,5)212G2-CO2Me, which can be reduced
under similar conditions to (3,4,5)212G2-CH2OH. Chlorination with SOCl2 must be
performed in the presence of the proton-trap 2,6-di-tert-butylpyridine or 2,6-di-tert-butyl4-methylpyridine, to prevent acidic decomposition of the dendron. Further alkylation
onto methyl 3,4,5-trihydroxybenzoate results in G3 dendron (3,4,5)312G3-CO2Me.
Benzyl chlorides prepared in the synthesis of Percec-type dendrons can be used directly
in the subsequent alkylation without further purification. This process can be repeated
until the dendrons self-assemble into single dendron spheres, thereby achieving site
isolation of the apex functional group.16 This can occur as early as G5. Additionally, the
synthesis of low generation Percec-type dendrons was optimized for the kilogram scale.17
As will be discussed in later sections, Percec also reported analogous syntheses of
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phenylpropyl ether,18 biphenyl methyl ether,19 biphenylpropyl ether20 (See Chapters 4-5)
as well as AB4, and AB5 branched21 dendrons.

Scheme 2.2 - Synthesis of Percec-type self-assembling dendrons.
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Self-assembling Percec-type dendrons mediate the self-organization of a variety
of dendronized topologies. Unlike other dendron classes, Percec-type dendrons are
prepared with a programmed branching sequence, like the primary structure of a protein,
that dictates their self-assembly mechanism. The presence of a branching sequence means
that generation number is not the sole determinant of molecular structure. A specific
nomenclature has been developed to describe these molecules. For example, examine (43,4-3,5)12G2-CO2Me (Figure 2.1). The numbers inside the parenthesis denotes the
sequence of ABn branched building blocks from the periphery to the apex. The number
indicates from which position of the phenyl unit the B branches emanate. A descriptor
such as Bp, Pr, or BpPr indicates a non-benzyl branching unit such as biphenyl methyl,
phenylpropyl, or biphenylpropyl (See Chapters 4-5), respectively. The number or
descriptor following the parenthesis indicates the number of carbons in the aliphatic tail,
or alternative periphery unit. Following the periphery descriptor is the generation number.
In this case, as there is an AB spacer unit followed by two AB2 branching units, this
molecule is a G2 dendron. The final descriptor is the apex functionality, which in this
case is a methyl ester. In earlier reports, (3,4,5)nG1, (3,4)nG1, and even (4-3,4,5)12G1CO2Me were not referred to as dendrons. Later, after higher generations of dendrons and
dendrimers generated from these builing blocks were reported by Percec’s laboratory,
these “minidendrons” were simply referred to as G1 dendrons.
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Figure 2.1 - Nomenclature for Percec-type dendrons (left) and generation 1 (G1)
dendrons/minidendrons (right).
In AB block copolymers self-organization occurs when the A and B block are
immiscible. The type of structure formed is dictated by the weight or volume fraction of
the two blocks.22 Increasing the weight ratio of the minority block results in a transition
from a BCC lattice, to hexagonal perforated lamellar lattice to a cubic gyroid phase, to a
lamellar phase. Above 50% weight fraction the reverse order of phases is observed
wherein the blocks are interchanged. While the self-assembly and self-organization of
dendrons often results in microphase segregated structures, the presence of two
immiscible domains is not a strict requirement, and certainly the weight fraction of the
immiscible domains is not the primary determinant of structure (Figure 2.2). G3 Fréchet
dendrons do not self-organize and are amorphous liquids. Introduction of a chemically
dissimilar aliphatic tail, such as in (4-(3,5)3)12G3-OH, does not mediate selforganization despite ~50% mass fraction of the tails. However, if the benzyl branching
12

sequence is altered at the periphery while maintaining the ~50% mass fraction of the
aliphatic tails, such as in (4-3,4-(3,5)2)12G3-OH, self-assembly into supramolecular
columns followed by self-organization into a hexagonal columnar (h) lattice is observed.
Further alteration of the benzyl branching sequence at the apex while maintaining the
mass fraction of the aliphatic and aromatic domains, such as in the constitutional isomer
(4-(3,4)3)12G3-OH, results in a change in the mechanism of self-assembly so as to form
supramolecular spheres that self-organize into a Cubic (Cub) lattice. Additionally, it has
been shown that the dendronized dipeptide (4-3,4-3,5)nG1-CH2O-Boc-L-Tyr-L-AlaOMe self-assembles into helical columns that self-organize into a h lattice, regardless
of the length of the aliphatic tail, be it one methylenic unit (~5% mass fraction) where
analogous AB diblock copolymers would form a spherical structure or 16 methylenic
units (~45% mass fraction) where analogous AB diblock copolymers would form
lamellar structures.23

Figure 2.2 - From amorphous benzyl ether dendrons to self-assembling benzyl ether
dendrons.
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Self-assembly of dendrons is a form of supramolecular polymerization. Unlike Hbonded or coordination polymers, which often follow a multi-chain open association
model of growth dominated by directed interactions, the enthalpy term of dendritic selfassembly is strongly influenced by shape interactions and recognition.,The growth of the
supramolecular assembly is also coupled with and accelerated by the emergence of LC
ordering. A universally consistent model for the self-assembly of dendrons and ab initio
prediction of structure is not presently available, though work progresses toward the
elucidation of such ‘nano-periodic’ properties (See Chapter 4).24 While, the presence of
directed interactions or immiscible surface and body domains help drive self-assembly
and self-organization, molecular shape may be the most critical factor in the formation of
2D and 3D structures.

2.2 Self-Assembling Dendrons and Dendrimers
2.2.1 Overview and Historical Background
Structurally, dendrimers consist of a branched core onto which are attached
branched arms. The branched arms of dendrimers, which contain non-branched focal
functionality, are named dendrons. Dendrimers and dendrons can be viewed as ideal
branched polymers, wherein each monomer repeat unit (mru) introduces a new ABn
bifunctional moiety, where n is the number of branches introduced with each monomer
(Figure 2.3). The A domain is connected in the endo-direction toward the apex, while the
B domain projects outward in the exo-direction toward the periphery. For most
dendronized topologies encountered, n = 2, 3, 4, or 5.
14

Figure 2.3 - Selected examples of AB2, AB3, AB4, and AB5 building blocks used in the
design of self-assembling dendrons and self-organizable dendronized polymers.
The first low molecular weight dendritic molecules, branched G2-G3
poly(propylene imine) (PPI) dendrimers, were reported by Vögtle7 in 1978. In 1979,
Denkewalter8 reported the synthesis of branched

L-lysine

dendrimers and in 1984,

Tomalia reported in a series of papers and patents the highly influential divergent
synthesis of higher generation poly(amidoamine) (PAMAM) dendrimers that became a
landmark in the field.

9-13

In 1985, Newkome reported the first pseudo-convergent
15

grafting of pre-formed G1 dendrons onto a branched core to form a G2 dendrimer.14 In
1990, Fréchet described the first truly convergent synthesis of dendrons based on 3,5dihydroxybenzyl alcohol.4-6 In the same year, Neenan reported the convergent synthesis
of dendrimers based on 1,3,5-trisubstituted benzenes.25 Neither PPI, Tomalia-PAMAM,
Newkome, Fréchet, or Neenan’s dendrons exhibited self-assembly behavior.
In 1985, Chandrasekhar suggested that a molecule consisting of a rod joined to a
half-disc might provide access to a biaxial nematic (N) thermotropic liquid crystalline
(LC) phase.26 In 1986 Malthête reported a molecule of this type, which he termed a
hemisphasmid, (Figure 2.4, top left) which was thought at that time to be the first
thermotropic biaxial N LC.27 In 1989 Percec’s laboratory synthesized macromonomers
designed to have structures similar to those of Malthête’s hemiphasmidic molecule. Their
polymerization was expected to transform the monotropic biaxial N phase into an
enantiotropic one by the so-called “polymer effect.”28 This project was a complete failure,
but serendipitously contributed to the development of the field of self-assembling
dendrons, self-organizable dendronized polymers and through them to the design of
complex functional systems from non-biological building blocks. The enantiotropic
biaxial N phase was never accomplished by this series of experiments. However, the
schematic of self-assembly developped from these studies provided the inspiration to
mimic the self-assembly of the Tobacco Mosaic Virus (TMV), which at the time was one
of the best understood complex biological systems. In work that became part of his Nobel
lecture, Klug demonstrated that TMV exhibits a complex self-nucleating self-assembly
mechanism and self-organizes into a lyotropic h phase.29-32
16

Simultaneous with the synthesis of hemisphasmids, Malthête elaborated the
synthesis and self-assembly of phasmids and other polycatenar molecules in
supramolecular columns that self-organize into h LC phases. Two models were
advanced by Malthête for the self-assembly of phasmids into supramolecular columns.3335

One was proposed in which the columns are assembled from disc-like clusters of rod-

like molecules was supported by subsequent work involving XRD experiments combined
with experimental densities.35-38 Another model, composed of aliphatic clusters linked by
the rod-like mesogen, was considered unacceptable since it created a combination of an
unrealistically high density (>4.0) for the aliphatic regions and also empty space in the
h lattice.35-38 Percec proposed a modification of the latter model for the self-organization
of supramolecular columns in the h lattice generated from dendronized polymers and
self-assembling dendrons.39 This model replaced the overcrowded high-density paraffinic
regions with an acceptable value created by a polymer backbone surrounded by a lower
number of alkyl groups. Simulation of the actual 3D structure of the self-assembling
hemiphasmidic unit demonstrated a tapered shape that in fact does not generate empty
space during self-assembly. The backbone of the dendronized polymer is surrounded by
tapered dendrons or hemiphasmids and exhibits a non-helical or helical supramolecular
assembly. A single backbone penetrating through the center of the supramolecular
columns is not able to provide the number of tapered side-groups forming the cross
section of the column unless it adopts a helical conformation. Alternatively, if a very
large tapered dendron is used, the conformation of the polymer backbone must extend
and therefore create a rigid structure. When the self-assembly takes place in the absence
17

of a polymer backbone, helical columns must be obtained wherein the empty space
normally occupied by the backbone forms a channel or is filled by a molecular receptor.
The hemiphasmid reported by Malthête synthesized in Percec’s laboratory did not
exhibit the biaxial N phase but rather a Smectic C phase. Interestingly, the corresponding
polymer displayed an intramolecular self-assembly process to generate a cylindrical
macromolecule that self-organized in a h LC phase.40 Following these observations,
Percec reported the synthesis and structural analysis of libraries of monomers and
polymers based on the (4-3,4,5)12G1 dendritic unit that was inspired by the work of
Malthête on hemiphasmids, phasmids, and other polycatenar mesogens.33-35, 41
Subsequent developments on phasmidic molecules34 established that phasmids
and hemiphasmids must contain at least five p-linked aromatic rings in the rod-like part
of the molecule in order to self-organize into a h phase.34 Therefore, the first attempts
made to eliminate the self-assembly into supramolecular columns was via the
incorporation of non-linear repeat units in the rigid part of the molecule (Figure 2.4,
3.3a,b,c,d, 3.4a,b,c,d, 3.11a,b, 3.12a,b), by the reduction of the length of the rigid rod
(Figure 2.4, 3.1a,b,c,d, 3.9a,e, 3.13a,b, 3.14a,b) or by the complete elimination of the
rigid aromatic part (Figure 2.4, 3.5a,c,d,e,f,g, 3.6, 3.15c,d,f,g, 3.16c,d). Surprisingly,
none of the structural variations prevented the self-assembly of the monomer or of the
polymer into a supramolecular or macromolecular column. Malthête’s hemiphasmid27
and Percec’s molecules from Figure 2.4 represent the first examples of self-assembling
and self-organizable dendronized-rod-coils, dendronized-rods, dendronized coils,
dendrons and dendronized polymers. 39-40, 42-58
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Figure 2.4 - Hemiphasmid reported by Malthête27 (top) and a selected group of similar
first generation monomers and their polymers reported by Percec.
In 1989, it had been already discovered that the first generation dendron (43,4,5)12G1-COOH (Figure 2.4, 3.6), self-assembles into supramolecular columns and
also mediates the self-assembly of molecular receptors such as oligo-oxyethylene (Figure
19

2.4, 3.4 , 3.5a,c,d,e,f,g, 3.15c,d,f,g) or crown-ethers (Figure 2.4, 3.7, 3.8, 3.17) into the
center of supramolecular columns. In retrospect, these molecules represent the first
examples of self-assembling dendronized-coils and dendronized-macrocycles. When the
supramolecular columns do not form a h LC phase they exhibt only a h crystal phase.
However, the LC phase could be induced via H-bonding, ionic-interactions, or through
exchange of the alkyl groups from the periphery with semifluorinated analogues via the
fluorous phase59 or the fluorophobic effect.60-63 It was not a surprise that the simplest
homologue of (4-3,4,5)12G1-X (Figure 2.4, 3.1-3.8) i.e. (3,4,5)12G1-X (Figure 2.4, 3.93.18) mediated the same self-assembly process except for lower thermal stability of the
supramolecular column in its h LC phase. The unexpected assembly capability of
(3,4,5)12G1-X and later of (3,4)12G1-X made Percec’s laboratory decide to name them
minidendrons64-65 since they can be used as models or maquettes for the elaboration of
novel architectural motifs from larger generations of dendritic building blocks. All these
experiments demonstrated the self-assembly of supramolecular polymer backbones via
H-bonding, dipole-dipole and ionic interactions. In 1991, higher generations of
(3,4,5)n12Gn-X dendrons were synthesized. However, they self-assembled in an
unprecedented cubic lattice that took six years to solve and therefore, it was published
only in 1997.66 In 1994, fiber XRD experiments performed on polymer 3.5d (Figure 2.4)
and its precursor alcohol were shown to self-assemble into helical columns and therefore,
demonstrated that supramolecular columns self-assembled from achiral dendrons and
dendronized polymers produce chiral assemblies that are racemic.56
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2.3 Structural and Retrostructual Analysis of Supramolecular
Dendrimers. From 2-D to 3-D Lattices
In the previous subchapter it was noted that the structure of (4-3,4,5)12G1 and
(3,4,5)12G1 dendritic acids and metal carboxylates, dendronized crown-ethers and
dendronized oligo-ethylene oxides self-assemble into supramolecular columns that selforganize into h lattices. As will be discussed in this subchapter and many subsequent
chapters, the assignment of the lattice and determination of its constituent supramolecular
objects is the starting point for the elucidation of the molecular-level structure and selfassembly mechanism. Many techniques will provide information into lattice symmetry
and supramolecular shape. Alone, each of these techniques is insufficient and without
other supporting evidence can be misleading. The determination of the structure is in fact
a very complex process that demands attention. The Percec laboratory has developed a
rigorous approach to structural and retrostructural analysis encompassing a number of
steps including (a) purity determination (b) thermal analysis by DSC and preliminary
phase characterization via thermal optical polarized microscopy (TOPM) (c) small- and
wide-angle XRD and ED analyses in powder, single domain (single crystal) and in fiber
that includes electron density maps and histograms, development of a preliminary
packing model, and simulation of diffraction to confirm the validity of the model. (d)
AFM/TEM/STM67 for direct visualization and isomorphous replacement68 complement
the XRD and ED analysis, and (e) experimental density is required to complete the
structural and retrostructural analysis.
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Structural determination cannot proceed until the purity of the dendron is
confirmed. As small molecules have been shown to serve as guests in supramolecular
self-assembly thereby perturbing their structure, the purity demands are high. 99.9 +%
purity must first be confirmed through a combination of 1H-NMR,
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C-NMR, Size-

Exclusion Chromatography (SEC) and Mass Spectroscopy (MALDI-TOF).
Following purity assessment, differential scanning calorimetry (DSC) is used to
identify ordered phases and determine phase transition temperatures and their associated
enthalpies. Thermal Optical Polarized Microscopy (TOPM) allows for discrimination
between 1D, 2D, and 3D ordered phases. While not unambiguous in many cases, TOPM
can distinguish between optically isotropic phases (Cub, Tet, BCC, QLC) which exhibit
no LC texture (Figure, bottom right) and optically anisotropic phases (N, S, h, r-c, r-s)
which exhibit a variety of characteristic birefringent textures (Figure 2.4).

Figure 2.5 - Some characteristic textures of N (top left), S (top right), h (bottom left),
and Cub ( bottom right ) phases.
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Phases exhibiting optical anisotropy through birefringent TOPM textures are
often N, S, or columnar. Texture alone cannot definitively identify the phase. XRD,
electron density histograms, electron-density map reconstruction, and molecular
modeling are critical to structural and retrostructural analysis. Powder XRD patterns
provide an indication of the lattice symmetry and dimensions. Powder XRD can be
viewed as the self-organized structural determination equivalent of NMR molecular
structural analysis. In 1H-NMR, chemical shifts, peak multiplicity, and peak intensities
can be used to infer the chemical environment, connectivity, and relative abundance of
specific protons. In the context of supporting data, including
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C-NMR, FT-IR

spectroscopy, mass spectrometry, a known reactant structure and the accessible reaction
pathways, the molecular structure of the product can usually be precisely determined. In
powder XRD, the scattering intensity I can be plotted vs the reciprocal lattice dimension
q. Reciprocal lattice dimensions and actual d-spacings are related:

. From the

peaks present and their relative q values a lattice type can be assigned, i.e. cubic,
tetragonal, orthorhombic, tetragonal, monoclinic, or triclinic. Ideally, using a highintensity X-ray source such as a synchrotron, the systemic absence of certain reflections
will indicate the lattice symmetry and the scattering intensities of the remaining peaks
can be used to ascertain the electron density distribution in the structure. Unfortunately,
synchrotron radiation is not always practical for routine analysis and even so, critical
reflections to symmetry determination or even lattice identification may be too low in
intensity to detect. Thus, in all cases, like with NMR for small molecule structure
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determination, context and supporting data is needed to confidently assign a lattice and
begin the process of retrostructural analysis.
N and S phases typically exhibit the simplest diffraction patterns. N phases which
are characterized by 1-D directional alignment but no defined layer spacing do not
exhibit sharp reflections. The most basic S phases show only (00l) diffraction peaks with
reciprocal spacings in a ratio of 1:2:3…:n (Table 2.1). The layer spacing in S phases is
simply equal to d001. For most self-assembling dendrons that self-organize into S phases
only the (001) and the (002) diffractions are observable via conventional X-ray sources.
Notable exceptions69 exist where higher order reflections are observed allowing for
greater details in structure determination.
Amongst the 2-D arrangements, the hexagonal columnar, h, lattice with p6mm
symmetry is the simplest, as the lattice parameters a and b are equal. While all h,k values
are allowed, the h lattice typically exhibits a strong (100) diffraction peak and smaller
higher order (110), (200), and (210) diffraction peaks, with reciprocal d-spacings in a
ratio of 1:3:2:7 (Table). The columnar diameter, D, of the h lattice can be calculated
via
according to

. The number of dendrons per column stratum, , can be calculated
, where NA is Avogadro’s number 6.022 x 1023 g/mol, t

=4.7 Å, the stacking distance,70  is the experimental density, and M is the molecular
weight of the dendron. As will be discussed later, a low electron density at the column
center provides amplification of the higher order diffraction peaks in h lattices. In the
absence of a low electron-density center, only the (100), (110) and (200) peaks are
observed. In certain structures, the (110) diffraction peak can be vanishingly small,
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thereby giving the impression of S phase with only (100) and (200) reflections. Higher
intensity X-ray sources can reveal these low-intensity reflections. In addition,
TEM/STM/AFM is a powerful method to confirm the lattice and the molecular model
used to fill it via direct visualization of the supramolecular objects.67 (3,4,5)12F8G1B[15]C5 and (4-3,4,5)12F8-B[15]C5 were shown by XRD to self-assemble into h
lattices. TEM confirmed this organization in homeotropically and parallel-aligned
samples (Figure 2.6).71 Dark spots in the center of columns were correlated with the
higher electron density of the aromatic and crown-ether phase segments of the dendrons.
Later, Percec reported the self-assembly of dendronized dipeptides into helical columns
self-organized into a h lattice.72 In the case of these hollow columns, a low electron
density region is observed at the center of the columns via TEM (Figure 2.6c).
Visualization of parallel-aligned h assemblies allowed for the determination of the
degree of column tilting proximal to a disclination. The permeation length of (43,4,5)12F8-B[15]C5 corroborates a model of a column with a rigid aromatic core
surrounded by a deformable aliphatic sheath. It must be stressed that while the standard
model for the self-assembly of dendrons, dendron-jacketed polymers, and related
topologies into columnar assemblies involves the segregation of branched aryl domains
in the center of the column and the aliphatic tails on the exterior, this must be rigorously
confirmed. Mezzenga recently reported benzamide dendrons and dendrimers noncovalently modified with alkyl sulfonate periphery groups.73 Remarkably, it was
observed that the surfactant-like alkyl sulfonate groups occupy the interior rather than
exterior of the columns. While, similar behavior has not been observed for covalently
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attached alkyl peripheries, it is clear that assuming traditional models of microphase
segregation like in block copolymers is inappropriate.

Figure 2.6 - TEM and negative images of homeotropically (a) and parallel (b) aligned
(3,4,5)12F8G1-B[15]C5 in the h. TEM and negative images of hometropically (c) and
SFM image of parallel (d) aligned (4-3,4-3,5)12G1-CH2-(Boc-L-Tyr-L-Ala-OMe).
Reprinted with permission from ref. 67 and 72. Copyright 1997 American Association for
the Advancement of Science and Macmillan Publishers Ltd: Nature.
In addition to h 2-d lattices, simple rectangular columnar, r-s, lattices with
p2mm symmetry and centered rectangular columnar, r-c, phases with c2mm symmetry
can result from the self-organization of dendrons self-assembled in supramolecular
columns. For the r-s lattice, all h, k

values are allowed, while r-c only exhibits

diffraction peaks when h+k = even (Table 2.1). In both cases a single numerical ratio for
the expected lattice spacings does not exist. Rather, the position of lattice spacing varies
according

to

the

ratio

of

lattice
, where

parameters

a

and

b,

according

to

. The r-c can

usually be distinguished by the lack of (100) and (010) peaks. For the r-s lattice the
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elliptical column diameters are Da=a and Db=b, and the number of dendrons per column
stratum, , can be calculated according to

. For the r-c lattice the

elliptical column diameters are Daa/3 and Db=b , and the number of dendrons per
column stratum, , can be calculated according to

.

Table 2.1 - Expected Reflections for S, h, r-s, r-c and the Explicit Ratios Between
Reciprocal d-Spacings for S and h Relative to the (100) Reflection.
qhkla/q0
(h, k, l) Sb h
r-s
r-c
c
(1, 0, 0) 1
1
X
(0, 1, 0)
X
(1, 1, 0)
X
X
3
(2, 0, 0) 2
2
X
X
(0, 2, 0)
X
X
(1, 2, 0)
X
(2, 1, 0)
X
7
(2, 2, 0)
X
X
22
(0, 3, 0)
X
(3, 0, 0) 3
3
X
(1, 3, 0)
X
X
(3, 1, 0)
X
X
13
(2, 3, 0)
X
(3, 2, 0)
X
19
(3, 3, 0)
X
X
22
(0, 4, 0)
X
X
(4, 0, 0) 4
4
X
X
(1, 4, 0)
X
(4, 1, 0)
X
21
(0, 5, 0)
X
(5, 0, 0) 5
5
X
(2, 4, 0)
X
X
X
X
(4, 2, 0)
27
(3, 4, 0)
X
(4, 3, 0)
X
37
(4, 4, 0)
X
X
43
a
q0 – scattering position of the first non-zero diffraction peak
b
For S phases the index is (0, 0, l), but for simplicity it is listed
as (h, 0 , 0). c X – reflection is observed.
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The first dendrons reported by Percec, self-assemble into supramolecular columns
that self-organize into h lattices. Later, a library of dendrons, (3,4,5)n12Gn-COOH, was
designed so that the formation of a taper conformation was sterically restricted.66 These
dendrons preferentially adopt a conical geometry (Figure 2.6, left). TOPM of the ordered
phases of these compounds revealed no birefringence, indicating an optically isotropic
lattice. XRD suggested that these dendrons self-organized into a Cub lattice with
symmetry. While the shape of the supramolecular objects could not be definitively
determined by XRD, this Cub lattice was thought to be built of micellar supramolecular
spheres (Figure 2.6, middle).74-75

Figure 2.7 - Preferred conical conformation of (3,4,5)212G2-COOH (left) and micellar
supramolecular spheres assembled into a cubic lattice with
symmetry (middle).
The regimes of highest electron density (middle) can be compared with the regimes of
low-electron density (right). Reprinted with permission from ref 66. Copyright 1997
American Chemical Society.
While (3,4,5)m12Gm-COOH dendrons where m=2+ self-organize into Cub
lattice, (3,4,5)mG1-COOH/CO2Me/CH2OH, does not self-assemble or self-organize.
However, the corresponding metal carboxylates (3,4,5)nG1-COOM, where M = Li, Na,
K, Rb, or Cs, and n = 12, 14, 16, or 18, self-assemble into supramolecular spheres that
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self-organize into Cub phases and a body-centered cubic phase with

symmetry

(BCC) (Figure 2.8).76 This lattice had been previously identified in the self-organization
of poly(oxazoline)s jacketed with Percec-type dendrons.77-78 For n = 12 a phase order of k
 h  Cub BCC is observed for M = K, Rb, and Cs carboxylates. For M = Na, a r
phase is observed before the h phase and for M = Li no Cub phase was observed.
Increasing the tail length resulted in a steady increase in the dimensions of the selfassembled columns or spheres but also destabilized the r and Cub phase. By n = 16 no
r was observed for M = Na and by n = 18 no Cub phase was observed for any
carboxylate. In the columnar phase, a network of ion-dipole interactions between alkali
and carboxylates is believed to constitute the supramolecular backbone.
Powder XRD of the 3-D cubic lattice with

symmetry is described by

strong (200), (210), (211), (321), and (400) diffraction peaks and smaller (110), (220),
(310), (222), (320), (420), and (421) higher order diffraction peaks (Figure 2.8,f).66 As
will be discussed later, a hollow center to the sphere will typically result in amplification
of certain higher order diffraction peaks. Without a high intensity X-ray source, the first
(110) reflection is usually absent. Reciprocal d-spacings follow 1:2:5/2:3:2:5:6:…
(Table 2.2). In addition to the Cub lattice, self-assembling dendrons have also been
observed to self-organize into a cubic lattice with

symmetry, BCC. The BCC

lattice has more systematic extinctions than the Cub lattice as h+k+l must be even. The
BCC lattice typically exhibits a strong (110) reflection and smaller (200), (211) and (220)
higher order reflection with reciprocal d-spacings following the ratios of 1:2:3:4….n
(Figure 2.7,c) (Table 2.2).76 The diameters for the Cub and BCC lattices can be calculated
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from

the

spherical

lattice

parameter,
;

where X is the number of those reflections observed for either the Cub or BCC lattice.
For the Cub lattice, the experimental spherical diameter, D, is calculated according D =
and the number of dendrons per spherical dendrimer, , can be found
according to  =

. For the BCC lattice D =

dendrons per spherical dendrimer is  =

and the number of

. In addition, to cubic lattices

derived from self-assembled spheres, a bicontinuous gyroid phase with

symmetry

was observed. This phase can likewise be identified by characterstic reflections with an
explicit ratio between reciprocal d-spacings (Table 2.2).
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Table 2.2 - Expected Reflections for Cubic Lattices with
Symmetry. Ratio of Reciprocal d-Spacings for
and
(110) Reflection and for
Relative to the (211) Reflection.
qhkl/q0a
(BCC)
1
2

(h, k, l)
(Cub)
(1, 1, 0)
1
(2, 0, 0)
2
(2, 1, 0)
(5/2)
(2, 1, 1)
3
3
(2, 2, 0)
2
2
(3, 1, 0)
5
5
(2, 2, 2)
6
6
(3, 2, 0)
(13/2)
(3, 2, 1)
7
7
(4, 0, 0)
22
22
(4, 1, 0)
(17/2)
(4, 1, 1)
3
3
(3, 3, 0)
3
3
(4, 2, 0)
10
10
(4, 2, 1)
(21/2)
(3, 3, 2)
11
11
(4, 2, 2)
23
23
(5, 1, 0)
13
13
(4, 3, 1)
13
13
(5, 2, 0)
(29/2)
(4, 3, 2)
(29/2)
(5, 2, 1)
15
15
(4, 4, 0)
4
4
a
q0 – scattering position of the first non-zero diffraction peak

,
, and
Relative to the

(Cubbi)

1
(4/3)

(7/3)
(8/3)

(10/3)
(11/3)
2
(13/3)
5
(16/3)
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Figure 2.8. Typical indexed experimental X-ray diffractograms of SAD and Smod phases
symmetry (c), the
(a) r-s lattice with p2mm symmetry, (b), the BCC lattice with
r-c lattice with c2mm symmetry (d), the h lattice with p6mm symmetry, and the Cub
lattice with
symmetry (f). Reprinted with permission from ref 66 and 79.
Copyright 2001 and 2004 American Chemical Society.
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While the self-assembly of Percec-type dendrons in supramolecular spheres and
their self-organization into a Cub lattices was discovered in 1991, it was not until 1997
that these results were published. Largely, this delay was due to ambiguities in the selfassembly mechanism and the true shape of the supramolecular objects that populated the
lattice. XRD measurements do not reveal the phase of each reflection. However, in order
to generate an electron density histogram or map from the diffraction data, phase
information must be incorporated into the Fourier transform. For small numbers of
reflections a brute force approach can be applied to generate the electron density
histograms for each phase. It is an assumption in the self-assembly of dendrons that the
aromatic and aliphatic segments most probably will not mix and thus a gradient in
electron density should be observed in the electron density histograms corresponding to
these domains. Unfortunately, for the Cub lattice derived from Percec-type selfassembling dendrons, more than one of the phase combinations were consistent with this
assumption. The +-++ (and its inverse -+--) and the ++-- (and its inverse --++) phase
combinations provided two competing models for self assembly.66 For the ++-- phase
assignment an interlocked columnar model was proposed (Figure 2.9, left), and for the +++ phase assignment a spherical micellar like model was proposed (Figure 2.8 right).
Direct visualization of the Cub lattice generated by (3,4,5)312G3-COOH and (3,4,5(3,4)2)12G3-COOH was achieved through TEM and supporting electron diffraction (ED)
(Figure 2.10, a).67, 80 Through the use of Fourier filtering of the TEM image (Figure 2.10,
b), a spherical model (Figure 2.10, e,f) was found to be more consistent with the image
than the rival interlocked columnar model (Figure 2.10, g,h). Quasi-equivalent self33

assembly is demonstrated by the tetragonal distoration of the supramolecular spheres
shown in the plane z = 0.25 (Figure 2.11).

Figure 2.9 - The spherical/micellar model for the +-++ phase assignment (left) and the
columnar model for the ++-- phase assignment (right). The corresponding electron
density maps for the z = 0 , z = ¼ and z = ½ planes that were used to elaborate the two
models are shown above. Discrimination between these two models was accomplished by
TEM and isomorphous replacement. Adapted with permission from ref. 66. Copyright
1997 American Chemical Society.
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Figure 2.10 - Raw (a) and reconstructed (b) TEM images and (c) ED pattern and (d)
Fourier reconstructed power spectrum of (3,4,5-(3,4)2)12G3-COOH. Also shown the
spherical model (e) for the
phase and its [001] projection (f) and the competiting
columnar model (g) and corresponding projection (h). Adapted with permission from ref.
67. Copyright 1997 American Association for the Advancement of Science.
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Figure 2.11 - Reconstructed electron density cross-section of the z=0 (left) and z=1/4
planes using the +-++ phase combination (micellar model) exhibiting quasi-equivalent
self-assembly. Reprinted with permission from ref. 66. Copyright 1997 American
Chemical Society.
Despite, powder XRD and TEM/ED results, the interlocked columnar model
could not be completely discounted in favor of the preferred spherical model. The
spherical model was eventually confirmed via the use of isomorphous replacement.68
(3,4,5)212G1-COOH was previously determined to self-organize into a Cub lattice. By
applying the crystallographic method of isomorphous replacement pioneered by Perutz81
for globular proteins, where a strongly scattering heavy metal is placed at a known
position without perturbation to the 3D structure, more precise determination of the selfassembly mechanism was made possible. Introduction of strong scattering heavy
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elements was achieved in two ways: a) partial doping of the carboxylic with Rb by
forming the Rb carboxylate and b) semifluorination of the alkyl tails. The
perhydrogenated (3,4,5)212G1-COOH is only expected to exhibit a bimodal electrondensity distribution corresponding to aliphatic and aromatic domains, while the
semifluorinated (3,4,5)212F8-COOH is expected to exhibit a trimodal distribution
corresponding to perfluorinated, aliphatic, and aromatic domains. The increased number
of features required in the electron-density distribution, makes the validation of the
chosen phase assignment possible. Once the appropriate phase combination was chosen
for a micellar model of XRD of (3,4,5)212F8-COOH, the system was doped with 20%
Rb, (3,4,5)212F8COOH0.8Rb0.2. Electron density map reconstruction of the resulting
XRD demonstrated increased electron density at the center of the micelles where the Rb
is expected to reside. In addition to proving the spherical model for dendrons selforganized into the Cub phase, isomorphous replacement has also been used to confirm
the triple-network BCC structure of dendron-rod structures.82
Dendrons that self-assemble into spheres were first shown to self-organize into
Cub lattices, and this lattice has been shown to be the most ubiquitous for Percec-type
dendrons. However, other packing arrangements for self-assembled spherical dendrimers
have been observed. As mentioned previously for dendritic metal carboxylates a BCC as
well as Cub lattices were noted. Noncubic 3D organization was observed in (4-3,4,5(3,4)2)12G3-CO2CH3,

(4-(3,4,5)2)12G2-COOH,

(3,4-3,4,5)12G2-CH2OH,

(3,4-

(3,5)2)12G3-CH2OH, (4-3,4,5-3,5)12G2-CH2OH, (4-3,4,5-(3,5)2)12G3-COOH and (43,4,5-(3,5)2)12G3-C2HOH. Ungar has performed detailed XRD analysis on the later two
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compounds (4-3,4,5-(3,5)2)12G3-COOH and (4-3,4(,5-(3,5)2)12G3-CH2OH, elaborating
a giant supramolecular LC lattice with tetragonal P42/mnm symmetry (Tet) (Figure
2.12).83 The lattice dimensions for the tetragonal unit cell were roughly a=17 nm and c =
9 nm. The dendritic acid exhibits this phase exclusively until TIso, whereas the dendritic
alcohol exhibits a series of thermoreversible phases h  Cub  Tet I. The existence
of the Tet phase was consistent with a similar molecular envelope or distribution of
volume with radius dV/dr with the Cub and its consistency with the taper geometry of
highly branched benzyl ether dendron. Close contact of spherical assemblies in the Tet is
intermediate between that of Cub and a BCC lattice. With increasing temperature close
contact between neighboring micelles becomes disfavored, thereby explaining the
observed phase order. However the Tet phase can swap places in the thermodynamic
phase diagram with Cub, depending on the primary structure of the dendritic unit.84

Figure 2.12 - Structures of (4-3,4,5-(3,5)2)12G3-COOH and (4-3,4,5-(3,5)2)12G3CH2OH (left), lattice space group diagram (middle) and isoelectron surface exhibiting
spherical organization (right). Reprinted with permission from ref. 83. Copyright 2003
American Association for the Advancement of Science.
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The Tet lattice with P42/mnm symmetry also exhibits a complex diffraction
pattern consisting of strong (410), (330), (202), (212), (411) (331) reflections and weaker
(311), (002), (222), and (312) reflections (Figure 2.13).83 While not typically observed
for self-assembling dendrons self-organized into the Tet lattice, other reflections are
allowed. As with the r-s and r-c lattices a simple numerical relationship between the
reciprocal lattice reflections is not possible. Rather, the theoretical d-spacings must be
calculated

using

the

known

a=b,

and

c

lattice

parameters

according

to

. The diameter of self-assembled spheres self-organized into
P42/mnm tetragonal lattice can be calculated from the lattice parameters a=b, and c
according to,
be calculated according to

. The number of dendrons forming a spherical object can
.

Figure 2.13 - First amphiphilic dendron, (4-3,4,5-(3,5)2)12G3-CH2OH, identified to
self-organize into the P42/mnm tetragonal phase. Small angle experimental X-ray
diffraction powder plot with peak indexing (a); monodomain small angle experimental Xray diffraction patterns with indexing (b); schematic of the P42/mnm tetragonal unit cell
with the 5 different types of spherical clusters marked (c); reconstructed electron density
maps at the indicated z-axis positions (d). Reprinted with permission from ref.83.
Copyright 2003 American Association for the Advancement of Science.
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An even more complex self-organization of spherical supramolecular dendrimers
was observed for (3,4,5-(3,5)2)12G3-CH2OH.85 On heating (3,4,5-(3,5)2)12G3-CH2OH
exhibits a phase order of X P42/mnm  I. XRD demonstrated 12-fold symmetry,
forbidden to classical crystals, in the X phase. Powder XRD analysis utilizing 5 instead of
the typical 3 basis vectors confirmed that the X phase is in fact an unprecedented liquid
quasicrystal (QLC) (Figure 2.14). The 12-fold QLC observed for (3,4,5-(3,5)2)12G3CH2OH is characterized by strong {00002, {12100}, {10102}, and {12101} diffraction
peaks, as well as smaller {12103}, {23200}, {00004}, {24200}, and {12104}diffraction
peaks (Figure 2.15). The theoretically ratios of the reciprocal d-spacings are consistent
for 12-fold QLC lattices (Table 2.3). The experimental diameter of spherical dendrimers
in the QLC lattice with 12-fold symmetry is
forming a spherical dendrimer is  =

. The total number of dendrons
.
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Figure 2.14 - 2D tilings representing tetrahedrally close packed (t. c. p. ) lattices such as
(a) and P42/mnm (b) using three basic decorated tiles (c). Quasiperiodic
arrangement of these tiles (d) results in the proposed model (e) of 12-fold symmetry for
the LQC structure of (3,4,5-(3,5)2)12G3-CH2OH. Reprinted with permission from ref.85.
Copyright 2004 Macmillan Publishers Ltd: Nature.

Figure 2.15- Example of an experimental diffractogram of a QLC lattice. Reprinted with
permission from ref. 85. Copyright 2004 Macmillan Publishers Ltd: Nature.
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Table 2.3 - Expected Reflections for the 12-fold QLC and Ratio of Reciprocal dSpacings Relative to the (00002) Peak.
q/q0a
(h1, h2, h3, h4, h5) QLC-12-fold
(0, 0, 0, 0, 2)
1.00
(1, 2, 1, 0, 0)
1.08
(1, 0, 1, 0, 2)
1.12
(1, 2, 1, 0, 1)
1.19
(1, 2, 2, 1, 0)
1.52
(1, 2, 1, 0, 3)
1.85
(2, 2, 2, 0, 2)
1.87
(2, 3, 2, 0, 0)
1.87
(2, 3, 2, 0, 1)
1.93
(0, 0, 0, 0, 4)
2.00
(1, 3, 3, 1, 0)
2.08
(2, 4, 2, 0, 0)
2.15
(1, 2, 1, 0, 4)
2.27
a
q0 – scattering position of the
first non-zero diffraction peak
Once a periodic or quasi-periodic array is determined, a preliminary molecular
model for self-assembly can be produced. As mentioned above, the dimensions of the
spherical and columnar objects in each lattice can be obtained as well as the number of
dendrons forming a supramolecular sphere or column stratum. A computer model of the
self-assembled structures can then be built to match the dimensions derived
experimentally. Once a model is constructed, simulation of the powder XRD diffraction
pattern allows for comparison of the molecular model with experimental diffraction data.
The molecular model is then refined until the best possible match between theoretical and
experimental diffractograms is reached.
In the particular case of hollow columnar86 and hollow spherical structures,87
higher-order diffraction peaks have been observed with greater intensity than in the filled
structures. For the r-c lattices with a hollow center an amplification (enhanced intensity)
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of the (310) and (220) reflections is observed (Figure 2.16, top) relative to the filled
structure. In the Cub lattice a hollow center results in relatively more intense (321), (400),
(420), and (421) reflections (Figure 2.16), relative to the filled spherical model. Increases
in the relative size of the pore results in an increase in the amplification of the higher
order reflection peaks. Methods have been developed to accurately predict the diffraction
patterns of hollow columnar86 and hollow spherical structures,87 allowing for verification
of the model. These methods involve the simplification of supramolecular objects into
columns or spheres built from three concentric shells of varying electron density and
simulating their diffraction pattern when self-organized into a given lattice symmetry.

Figure 2.16 - Representative amplification of higher order diffraction peaks for r-c (top)
and h (bottom) lattices. Reprinted with permission from ref. 86. Copyright 2006
American Chemical Society.
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Figure 2.17 - Amplification of higher order diffraction peaks in the Cub phase. (a) Full
diffractogram and (b) enlargement of the (321), (400), (420), and (421) reflections.
Reprinted with permission from ref.87. Copyright 2006 American Chemical Society.
In the case of helical or helical pyramidal columns, details of the internal structure
of the column can be ascertained via aligned fiber XRD analysis. Through, the
application of Cochran, Crick, and Vand helical diffraction theory88 expanded to tilted
self-assembling dendrons,89 fiber experiments provide information on the helical pitch,
helical radius, tilt of the high electron density aromatic groups, as well as short range and
long-range helical features (Figure 2.18). Application of this theory allows for the
determination of the specific atomic helix formed from the high electron density domains
of the self-assembled dendrons. Cerius2 simulation of the aligned-fiber helical
diffractogram and comparison with experimental data provides discrimination between
flat, pyramidal, and helicene type self-assembled helical columns (Figure 2.19) and
comparison with experimental fiber-diffractogram allows for the determination of the
molecular model of self-assembly.
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Figure 2.18 - Diffraction by a helical fiber: (a) a 51 single-strand atomic helix and its
structural parameters; (b) the simplified representation of the fiber diffraction generated
for the structure from (a) by using the helical diffraction theory; (c) a 51 single-strand
atomic helix model generated from tilted groups of atoms and its structural parameters; (d)
the simplified representation of the fiber diffraction generated for the structure from (b)
by using the helical diffraction theory. Reprinted with permission from ref.89. Copyright
2008 American Chemical Society.
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Figure 2.19 - Flat (a,b) pyramidal (c,d,e), and helicene-like (f, g) models of helical selfassembly. Reprinted with permission from ref. 89. Copyright 2008 American Chemical
Society.

2.4 Molecular Shape Control Through Dendron Branching Structure
As discussed in the previous subchapter, a number of self-organized phases can
be accessed via the self-assembly of dendrons in columnar or spherical objects (Figure
2.19). Early on, it was recognized that the primary structure of the dendron dictated
whether the self-assembly mechanism would be columnar or spherical. Later, studies
were aimed at systematically elaborating which factors are most significant in influencing
supramolecular self-assembly.
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Figure 2.20 - Periodic and quasiperiodic arrays formed via the self-assembly and self
organization of Percec-type dendrons. Reprinted with permission from ref. 20. Copyright
2009 American Chemical Society.
Molecular shape control through generation can be used to manipulate the
mechanism of self-assembly. A library of (4-(3,4,5)n)12Gn-X dendrons was prepared
(Figure 2.21).90 (4-3,4,5)12G1-COOH has tapered-shape that occupies a quarter-disc as
it self-organizes into a h lattice. (4-(3,4,5)2)12G2-COOH/CO2CH3 also has a taperedshape that occupies a half-disc as it self-assembles into supramolecular columns that selforganize into a h lattice. However, (4-(3,4,5)3)12G3-CO2CH3 can not assume a taperlike conformation and thus distorts into a conical conformation. The conical segments
occupy 1/6th of a sphere and self-organize into Cub lattice. Site isolation of the apex Xgroup was seen at G4.

47

Figure 2.21 - Library of (4-(3,4,5)n)12Gn-X and their generation dependent selfassembly into columnar and spherical objects. Reprinted with permission from ref. 90.
Copyright 1998 American Chemical Society.
The phenomenon of increasing molecular taper angle with generation and
subsequent transition of columnar to spherical self-assembly was experimentally
demonstrated through a library of (3,4-(3,5)n-1)12Gn-X dendrons).91 These experiments
supported a previously theoretically predicted concept of molecular shape control via
generation number.92 Here the transition to a conical conformation and spherical selfassembly occurs at G5 at which point the apex-group achieves site isolation.
The effect of dendron structure on self-assembly was more precisely described via
the modulation of its solid angle (Figure 2.22).93-94 Here, ’ is defined as the projection
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of the solid angle of the dendron onto a plane, and can be determined in all cases
according to

, where  is the number of dendrons in a column stratum or

supramolecular sphere. Increasing the branching via a change in primary structure or
increase in generation number of taper-like dendrons increases the ’ and the fraction of
the disk occupied in columnar self-assembly. At a certain threshold only unimolecular
disks are formed. Above this threshold, further branching results in deformation of the
disk into a conical segment with diminished ’. Beyond this point, increased branching
increases ’ and the fraction of a sphere formed. Ultimately a unimolecular sphere should
form. It was recently demonstrated by fiber XRD experiments that many disc-like
dendrons adopt a crown conformation.21, 89

Figure 2.22- Hierarchical control of self-assembly via molecular solid angle. Reprinted
with permission from ref. 93. Copyright 2000 American Chemical Society.
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A library of (3,4-(3,4,5)n-1)12Gn-X dendrons, where n=1-4, was prepared.16 In all
cases spherical self-assembly followed by self-organization into a Cub lattice was
observed (Scheme 2.3). Increasing generation number, n, does not significantly affect the
spherical diameter in the Cub lattice (Scheme 2.3 and Figure 2.23). Rather increasing
generation number decreases the number of dendrons per sphere, . At n = 5, there is
only one dendron per sphere demonstrating the first spherical dendron to self-assemble
into a Cub lattice. Single dendrons forming a sphere were confirmed via direct
visualization using SFM and XRD experiments (Scheme 2.3).16

50

Scheme 2.3 - Library of (3,4-(3,4,5)n-1)12Gn-X dendrons and their self-assembly into
supramolecular spheres and visualization of monodendritic spheres by STM (a, b).
Adapted with permission from ref. 16. Copyright 2000 American Chemical Society.
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Figure 2.23 - Effect of generation number on spherical diameter (filled squares) and
number of Percec-type dendrons per sphere (open squares).
Molecular taper angle , and the projection of the solid angle ’ is the primary
determinant of the mechanism of self-assembly and related structural parameters. The
molecular taper angle can be modulated by changes in structure such as increased
branching or increasing the apex volume through the use of different metal salts. In
addition to structural factors, temperature can also modulate taper angle.94 Increasing the
temperature induces expansion of the molecular taper angle. Rather than increase the size
of the self-assembled objects, excess dendrons are most likely excluded from their parent
structures and form new ones, assuming that the density is independent of temperature.
This process represents a primitive self-replication process, and results in diminished
object size with increasing temperature or with thermotropic conversion from columns to
spheres with increasing temperature.94
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2.5 The Generational Library Approach to Discovery
The branching structure and generation number were shown to provide
hierarchical control of the self-assembly through manipulation of molecular taper angle.
To further elucidate the relationship between molecular and self-assembled structure,
libraries of self-assembling Percec-type benzyl ether dendrons were prepared with
different branching patterns, generation numbers, and apex functional groups.95 Typically,
libraries are prepared, following a generational approach, wherein a specific G1
periphery dendron (3,4)G1, (3,4,5)12G1, (4-3,4,5)12G1 or (4-3,4)12G1 is iteratively
attached to a repeated AB2 or AB3 branching unit. What is perhaps most striking about
the generational libraries is that despite the high diversity of connective sequences, a
relatively small number of supramolecular structures are observed, i.e. columns and
spheres. The large difference between the number of available connective sequences
(primary structure) and observed 3D structures, is in accord with relationship between the
sequence space of proteins and their tertiary structures. Largely, proteins will selfassemble into elongated or globular structures composed of a limited number of
secondary structure elements such as -helices, -sheets, and random coils.96
It is reiterated in the case of the generational libraries containing a (3,4) interior
branching unit, that increasing generation number results in an enhanced molecular taper
angle decreasing the number of dendrons in a column stratum or sphere or mediating the
transition from columnar to spherical assemblies (Figure 2.24). With the generational
libraries containing a (3,4,5) interior branching unit, it can be seen also that the structure
of the periphery branching unit can alter the mechanism of self-assembly (Figure 2.25).
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Increased periphery branching favors spherical self-assembly. The use of interior (3,5)
branching units strongly predisposes the dendrons to columnar self-assembly and selforganization into h lattices (Figure 2.26). Further, it was demonstrated in a large number
of examples18-19,

66, 95

that self-assembly could be switched between columnar and

spherical or globular modes via chemical modification of apex functionality or
temperature variation.

Figure 2.24 - Generational library of dendrons with (3,4) repeating interior branching
unit. Self-assembly demonstraties the effect of increased branching and generation
number on molecular taper angle. Reprinted with permission from ref. 95. Copyright
2001 American Chemical Society.
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Figure 2.25 - Generational library of dendrons with (3,4,5) repeating interior branching
unit which demonstrates the effect of periphey branching on molecular taper angle and
the mechanism of self-assembly. Reprinted with permission from ref. 95. Copyright 2001
American Chemical Society.
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Figure 2.26 - Generational library of dendrons with (3,5) repeating interior unit which
favor columnar self-assembly. Unless otherwise shown, all spherical supramolecular
dendrimers self-organinze in a Cub lattice. Adapted with permission from ref. 95.
Copyright 2001 American Chemical Society.
Increasing the generation number of benzyl ether dendrons does not substantially
increase the size of the self-assembled object, but rather simply reduces the number of
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dendrons in the column stratum or sphere. Thus, achieving self-assembled dendrimers of
larger size, requires a different form of molecular design. Hybrid dendrons of the (AB)yABn, were prepared (Figure 2.27).79 While in most cases self-assembly of the hybrid
dendrons followed similar patterns as traditional Percec-type benzyl ether-dendrons,
introduction of AB spacers provided dendrons with larger head-to-tail lengths without
increasing ’. This approach provided access to larger self-assembled structures. Further,
some small ’ dendrons revealed a new modular smectic phase with additional lateral
periodicity, Smod. The self-assembly of some (AB)y-ABn into rectangular and oblique
lattices in LB films was studied by grazing incidence X-ray diffraction.97
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Figure 2.27 - Examples of (AB)y-ABn hybrid dendrons exhibiting new Smod phase .
Reprinted with permission from ref.79. Copyright 2004 American Chemical Society.
In addition to libraries of hybrid (AB)y-ABn dendrons, the generality of the selfassembly process of Percec-type dendron was explored through synthesis of libraries of
dendrons constructed from building blocks other than benzyl ethers. A series of libraries
of phenylpropyl type dendrons were prepared, wherein the linker between aromatic
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branches was extend by two carbon units.18 Unlike the standard benzyl-ether Percec-type
dendrons, phenylpropyl building blocks (Scheme 2.5, 5 or 12a,b,c) are not commercially
available. The AB building block was prepared via Knoevenagel addition of malonic acid
to 4-hydroxybenzaldehyde followed by hydrogenation over Pd/C and methyl
esterification (Scheme 2.6). ABn building blocks were prepared through a similar process.
3,4-Dihydroxy-, 3,5-dihydroxy, and 3,4,5-trihydroxybenzoic methyl ester, were protected
with as a benzyl ether, sequentially reduced to the alcohol and oxidized to the aldehyde,
subjected to Knoevenagel expansion with malonic acid, hydrogenated over Pd/C and
etherified (Scheme 2.5). Phenyl propyl dendron synthesis also requires slight
modification from the benzyl ether series (Scheme 2.6). Tail alkylation and reduction
steps were identical to the benzyl ether series. However, in the benzyl ether series, the
benzyl alcohol was converted to a benzyl chloride for subsequent alkylation, but aliphatic
chlorides are not sufficiently reactive. Therefore, the branched phenylpropanol was
converted to the corresponding bromide with CBr4/PPh3.
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Scheme 2.5 - Synthesis of phenyl propyl building blocks.

Scheme 2.6 - Phenylpropyl dendron synthesis.
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With Percec-type benzyl-ether dendrons it was thought that trans/gauche
conformational restriction were required for self-assembly. Retrostructural analysis of the
phenylpropyl ether demonstrates that even with the added flexibility of the propyl linker
self-assembly into all of the previously encountered lattices was observed, including the
Tet, 12-fold QLC lattice, and hollow-columnar lattices (Figure 2.28-2.30). It is important
to note that the all-trans propyl ether can adopt the same extended conformation as the
trans-benzyl ether. The effect of odd vs even or longer alkyl linkers on self-assembly will
be a topic of future investigation. Further, the phenylpropyl dendrons are more stable
under acidic and basic conditions than benzyl ether dendrons, exhibit faster dynamic selfassembly into larger lattices with higher degree of order, but lower Tiso. Due to the
expansion of the building block, phenylpropyl ether dendrons have a smaller projection
of solid angle ’ and self-assemble into larger structures than the corresponding benzyl
ether dendrons of similar generation number and branching structure.
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Figure 2.28 - 3,4-Branching library of phenylpropyl ether dendrons exhibiting the full
range of self- organized structures including Cub, Tet, QLC, S, h, r-c, and r-s. Adapted
with permission from ref.18. Copyright 2006 American Chemical Society.
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Figure 2.29 - 3,4,5-Branching library phenylpropyl ether dendrons. Adapted with
permission from ref.18. Copyright 2006 American Chemical Society.
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Figure 2.30 - 3,5-Constutitional isomeric branching library of phenylpropyl ether
dendrons. Adapted with permission from ref.18. Copyright 2006 American Chemical
Society.
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In 1998, it was demonstrated that dendritic acids with polyaromatic groups at the
periphery , namely (4Nf-3,4,5)nG1-COOH and (4Bp-3,4,5)12G1-COOH self-assemble
into columns that self-organize into h lattices (Figure 2.31).98

Figure 2.31 - Structures of (4Nf-3,4,5)nG1-COOH and (4Bp-3,4,5)12G1-COOH.
Based on earlier results with terphenyl, napthyl, biphenyl-based dendrons,
libraries of Percec-type dendrons built from biphenyl-4-methyl ether building blocks
were synthesized (Figure 2.32 and Figure 2.33).19 ABn building blocks were prepared
through two Suzuki coupling approaches (Scheme 2.7). 3,4-Methoxy-phenyl-1-boronic
acid was cross-coupled with methyl/ethyl 4-bromobenzoate using Pd(PPh3)4 as catalyst.
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Selective deprotection of the methyl ethers was achieved with BBr3. 3,5-Dimethoxy-1chlorobenzene and 3,4,5-trimethoxy-1-bromobenzene were cross-coupled with toluene
boronic using NiCl2(dppe)/PPh3 as catalyst.99 Benzylic oxidation with KMnO4 , followed
by methyl esterification and selective deprotection of the methyl ethers with BBr3 yielded
the corresponding AB2 and AB3 building blocks.

Figure 2.32 - Examples of 3,4-, 3,5-, and 3,4,5-biphenyl-4 methyl ether-based dendrons
and their self-assembly. Reprinted with permission from ref. 19. Copyright 2006 WileyVCH Verlag GmbH & Co. KGaA.
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Figure 2.33 - Examples of 3,4-, 3,5-, and 3,4,5-biphenyl-4 methyl ether dendrons and
their self-assembly. Reprinted with permission from ref.19. Copyright 2006 Wiley-VCH
Verlag GmbH & Co. KGaA.
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Scheme 2.7 - Synthesis of 3,4-, 3,5-, and 3,4,5-biphenyl-4 methyl ether dendritic building
blocks. Reagents and conditions: (a) [Pd (PPh3)4], Na2CO3, H2O, toluene, EtOH, reflux;
(b) BBr3, CH2Cl2, 0–20C; (c) [NiCl2 (dppe)]/PPh3, K3PO4, toluene, 80 C; (d) KMnO4,
pyridine/H2O (1:1); (e) MeOH, H2SO4 (cat.), reflux; (f) (i) PyHCl, 190 C; (ii) EtOH,
HCl; (g) (i) NBS, NaH, CHCl3 ; (ii) Me2SO4, K2CO3.
Similar to phenylpropyl dendrons, the expansion of the aromatic portion of the
building block resulted in dendrons with smaller projections of solid angle ’, resulting
in larger self-assembled structures than the corresponding benzyl ether-dendrons of
similar structure and generation number. As with the phenylpropyl ether series, the
biphenyl-4 methyl ether dendrons provided evidence of hollow helical columnar
architectures without the use of a dipeptide apex group (Section 2.7). Specifically, (4Bp3,4Bp-3,5Bp)12G2-CO2CH3/CH2OH, the biphenyl analog of prototypical dendron used
for dendritic dipeptide porous columns, exhibits the large pore, 12-13 Å. Unfortunately,
the limited solubility and extremely high Tiso of biphenyl-4 methyl ether dendrons limited
the synthesis of high generation libraries.
While the biphenyl-based dendrons were limited due to poor solubility, their
structural benefits could be harnessed by producing constitutional hybrid dendrons. A
library of (4-3,4-3,5)12G2CO2CH3 were prepared wherein the benzyl ethers were
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systematically replaced with biphenyl-4 methyl units and/or additional AB benzyl spacers
were introduced.100 In all cases a h, porous h, or r lattice was observed via XRD . In
particular (4-3,4-4-3,5Bp)12G1-X was shown to be a versatile structure for porous h
self-organization. Regardless of the apex group {X = CO2Me, CH2OH, COOK, COOH,
CO2CH2CH2OCH3,

CONH2,

CONHCH3,

(R)-CONHCH(CH3)C2H5,

(S)-

CONHCH(CH3)C2H5, or a blend of all apex groups}, porous h was observed and
demonstrated that Dpore could be tuned by both dendron structure and apex group. Further,
the introduction of a chiral amide apex-group, selected the sense of the helical column
and allowed for fiber XRD analysis of the helical porous columns. Solution self-assembly
of (R)-(4-3,4-4-3,5Bp)12G2-CO2NHCH(CH3)C2H5 into helical columns was confirmed
by CD/UV-vis in cyclohexanes. Due to the resemblance of cyclohexanes to the interior of
lipid bilayers, (4-3,4-4-3,5)12G2-CO2CH3 was expected to form cylindrical pores via coassembly with phospholipids. Preliminary results demonstrated the 1:7 co-assembly with
L-phophatidylcholine

to form porous membranes.

In all previous investigations, self-assembling dendrons were constructed from a
combination of AB, AB2 and AB3 building blocks. More highly-branched dendrons based
on AB4 and AB5 building blocks have been prepared demonstrating the robustness of the
self-assembly process for Percec-type dendrons.21 AB4 and AB5 building blocks were
prepared in a similar fashion by expanding on a previously elaborated synthetic strategy
(Scheme 2.7). 2-(4-Chlorophenyl)-1-(3,4-dimethoxyphenyl)ethanone was alkylated with
3,4-dimethoxybenzyl bromide or 3,4,5-trimethoxybenzyl chloride using NaOH as a base
in TBAH/toluene phase transfer catalyzed conditions. Reduction of the ketone to
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methylenic carbon was accomplished via LiAlH4/AlCl3. The resulting branched aryl
chlorides were enlarged via Suzuki coupling 4-methoxycarbonylphenyl-1-boronic acid.
For the AB4 building block catalysis with NiCl2(dppe)/PPh399 was sufficient, however for
the AB5 building block Pd/cyclohexyl JohnPhos (2-(dicyclohexylphosphino)biphenyl)
conditions were necessary. Subsequent deprotection with BBr3 and re-esterification
yielded the AB4 and AB5 building blocks. Dendron synthesis was performed in a similar
fashion to standard benzyl ether Percec-type dendrons. Libraries of dendrons with AB4
(Figure 2.33) and AB5 (Figure 2.34) apical branching units were prepared. An array of
previously encountered flat columnar, pine-tree columnar, pyramidal columnar, and
spherical objects were formed which packed into h, r-c, r-s and Cub lattices. The AB4
and AB5 building blocks provided access to intriguing new conformations and
supramolecular structures. (4-3,4,5-AB4)12G3-CO2CH3 was shown to self-assemble via
an unprecedented back-folded taper-dendron mechanism into a 72 helical column (Figure
2.36). Here, one (4-3,4,5) branch tucks underneath the other (4-3,4,5) branch. These
dendritic sandwiches stack side-by-side to form stratum of twice the thickness of a
typical columnar layer. (4-3,4-AB5)12G3-CO2CH3 and (4-3,4,5-AB5)12G3-CO2Me
exhibit crown-conformations that self-assemble into helical pyramidal columns (Figure
2.36). (4-3,4,5-AB5)12G3-X (X = CH2OH, CH2OAc) was also shown to self-assemble
into a 51 helical column. In the previous section, it was demonstrated that increasing the
generation number mediates a transition from columnar to spherical self-assembly due to
steric-restrictions on the taper-shape. Never, did increasing the generation number
mediate a transition from spherical to columnar self-assembly. For the first time, with
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certain examples of AB4 and AB5 dendrons this reverse order of self-assembly was
observed, with spherical structures is at lower generation and columnar self-assembly at
higher generation, an event that marked the elucidation of a new mechanism of selfassembly. Figure 2.34-2.36 demonstrate the discovery of self-assembly of dendritic
crowns and of back-folded dendrons into helical pyramidal columns. In addition, (4AB4)12G2-CH2OH and (4-3,4-AB4)12G3-X (X=CH2OH, CO2Me) self-assembled into
hollow spheres that self-organize into a Cub lattice (Figure 2.37) which have been
demonstrated to encapsulate small guest molecules such a LiOTf. Previously,
encapsulation by spherical self-assembling Percec-type dendrons had only been
demonstrated via host-guest interactions with a U-shaped “molecular clip” receptor group
at the apex of (3,4,5)212G2.101
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Scheme 2.8- Synthesis of AB4 and AB5 type dendritic building blocks.
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Figure 2.34 - Library of AB4 based dendrons. Reprinted with permission from ref 21.
Copyright 2007 American Chemical Society.
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Figure 2.35 - Library of AB5-based dendrons. Reprinted with permission from ref 21.
Copyright 2007 American Chemical Society.

Figure 2.36 - Self-assembly of (4-3,4,5-AB4)12G3-CO2CH3 into a backfolded 7/2helical column. Reprinted with permission from ref 21. Copyright 2007 American
Chemical Society.
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Figure 2.37 - Self-Assembly of (4-AB4)12G2-CH2OH into hollow spheres. Reprinted
with permission from ref. 21. Copyright 2007 American Chemical Society.

2.6 Helical Porous Columnar and Spherical Self-Assembly via
the Dipeptides from the Apex of Dendritic Dipeptides
(4-3,4-3,5)12G2 was previously shown to be predisposed to columnar selfassembly.95 In order to test the effect of chirality transfer (allosteric regulation) from the
apex to the dendron, Boc-L-Tyr-L-Ala-OMe and Boc-D-Tyr-D-Ala-OMe were attached to
(4-3,4-3,5)12G1-CH2OH via Mitsunobu coupling (Scheme 2.9).23, 72 NMR and CD/UVvis experiments confirmed self-assembly into helical columnar architectures (Figure 2.37)
in solvophobic solvents that preferentially solvate the aliphatic tails (d6-cyclohexane and
cyclohexane, respectively). Remarkably, XRD in combination with TEM and STM
indicated the formation of hollow helical columnar architectures (Figure 2.6cd,Figure
2.38). Helical porous self-assembly into columns that self-organize into a h is proposed
to be stabilized by a H-bonding network and helical involving the parallel alignment of
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the dipeptides with the columnar axis (Figure 2.38). This model is similar to a -barrel.
These structures functioned as aquaporin mimic, mediating water transport via a
Grotthuss-type mechanism without eliminating H+ transport across artificial cell
membranes such as liposomes102 or polymersomes103 (Figure 2.40). However, these
columns do not allow transport of Na+ , Li+ and Cl- ions. The transport of water across
giant vesicular membranes containing dendritic-dipeptide channels was demonstrated
through microscopy experiments in hypertonic and hypotonic solutions. Vesicles
containing dendritic-dipeptides exhibited expansion of the vesicle in hypertonic solution
and contraction in hypertonic solution, relative to the vesicles containing no channel,
indicating that water is able to permeate the membrane only in the presence of the
dendritic-dipeptides allowing for pressure regulation.102

Scheme 2.9 - Synthesis of (4-3,4-3,5)12G2-CH2-(Boc-L-Tyr-L-Ala-OMe).
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Figure 2.38 - NMR (a) and CD/UV-vis (b, c, d) experiments confirming helical columnar
self-assembly of dendronized dipepetides. Reprinted with permission from ref. 72.
Copyright 2004 Macmillan Publishers Ltd: Nature.
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Figure 2.39 -. Models of self-assembled helical porous columns from dendritic
dipeptides (left, a-d), orientation of dipetide groups in the column (e) and hydrogen
bonding network (right). Reprinted with permission from ref. 72. Copyright 2004
Macmillan Publishers Ltd: Nature.

Figure 2.40 - Proton Transport experiment comparing a liposome containing an
impermeable pH sensitive fluorescent indicator (left) and a liposome containing a selfassembled dendritic channel (right). Reprinted with permission from ref. 72. Copyright
2004 Macmillan Publishers Ltd: Nature.
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It is useful to compare the self-assembly of the parent (4-3,4-3,5)12G1-OH with
the corresponding dendritic dipeptide (4-3,4-3,5)12G2-CH2-Boc-L-Tyr-L-Ala-OMe.23
The parent dendron self-assembles into a supramolecular column with a columnar
diameter of 52.6 Å and a negligible pore of <3 Å. Each stratum is composed of six
dendrons with a projection of solid angle ’=60. The supramolecular columns selforganize in a h lattice. The dendritic dipeptide self-assembles into a porous helical
supramolecular columns with a diameter of 77.1 Å and pore diameter of 13.3 Å. Each
column stratum is composed of approximately 11.6 dendrons with a projection of solid
angle ’ = 31.0. The dendritic dipeptide enhances the overall column diameter thus
supporting the stabilization of the pore via H-bonding, but also by decreasing the
molecular taper angle of the dendron resulting in a lower projection of solid angle and
more dendrons per stratum. Like the parent dendritic alcohol, the dendritic dipeptide selforganizes into a h lattice. For the dendritic dipeptide it was observed that periphery
aliphatic tail length increases the diameter of the column, while it decreases the size of
the pore from 15.8 Å at n=6 to 11.7 Å at n =16. Interestingly, by decreasing the tail
length in the parent dendritic alcohol from n=16 to n=1, the pore-size increases from <3Å
to 6.8 Å. Thus, while the dipeptide does seem to support and enhance pore formation
through, it is not a necessary condition.
The self-assembly of dendronized dipeptides into helical porous columns can be
allosterically programmed by the protecting group on the dipeptide N-terminus.104
Decreasing the size of the protecting group from X= Boc to X = Moc to X=Ac results in
a continual decrease in the H-bond length of the interior network, resulting in enhanced
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thermal stability of the columnar phase. However, with the decrease in the size of group
from the apex comes an increase in the molecular taper angle, a decrease in column size,
number of dendrons per stratum, , and Dpore. Further in the case of X = Moc, Ac, helical
internal order is observed via XRD.
All four diastereomers of Boc-D/L-Tyr-D/L-Ala-OMe were prepared.105 It was
demonstrated that the helical sense of the self-assembled dendritic dipeptides is
determined by the chirality of the Tyr residue that is directly attached to the dendron
(Figure 2.41). Crude allosteric regulation is operating, wherein modulation of the
chirality of the more distant Ala residue, also affects the finer features of self-assembly
via subtle modulation of the hydrogen-bonding network and pore diameter. Specifically,
homochiral dendronized dipeptides L-L/D-D exhibit different self-organized structures
than heterochiral dendronized dipeptides L-D and D-L.

Figure 2.41 - The self-assembly of homochiral and heterochiral dendritic dipeptides is
stereochemically controlled and allosterically regulated by the stereochemistry of the
dipeptide. Reprinted with permission from ref. 105. Copyright 2005 Wiley-VCH Verlag
GmbH & Co. KGaA.
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The structure and dimensions of the internal pore is also allosterically regulated
by substitution of the L-Ala residue with Gly, L-Val, L-Leu, L-Ile, L-Phe, or L-Pro.106 The
helical pore could be tailored from 9-15 Å. The largest structural distortion was observed
in the case of L-Val at low temperature in which self-organization into r-c rather than h
lattice is observed. At elevated temperature the h phase emerges. This thermoreversible
shape change between ellipsoidal and circular columns was also observed for hybrid
dendronized dipeptide (S)-(4-3,4-3,5-4)12G2-CH2-(Boc-L-Tyr-

L-Ala-OMe)

(Figure

2.42).86

Figure 2.42 - Thermoreversible shape change of circular to ellipsoidal columns as
evidenced by cross- sections of the reconstructed electron density maps. Reprinted with
permission from ref.86. Copyright 2006 American Chemical Society.
It was shown that attachment of a dipeptide to the apex of a dendron predisposed
to columnar self-assembly, (4-3,4-3,5)12G1-CH2OH, mediated the formation of helical
porous columns. It was later demonstrated, that attachment to other column forming
dendrons such as (4-3,4,5-3,5)12G1-CH2OH likewise resulted in porous helical
columnar structures.107 Attachment of a dipeptide to the apex of a dendron predisposed to
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spherical self-assembly (4-(3,4)2)12G2-CH2OH which is the constitutional isomer of (43,4-3,5)12G2-CH2OH, was shown to mediate self-assembly into a chiral hollow sphere
(Figure 2.43).87 In addition (4-(3,4)2)dm8*G2-CO2Me/CH2OH and (4-3,4-3,54)dm8*G2-CO2Me/CH2OH were shown to self-assemble in chiral hollow spheres,
while (4-(3,4)2)12G2-CO2Me/CH2OH, (4-3,4-3,5-4)nG2-CH2OH (n=4, 6, 12) , and (43,4-3,5-42)nG2-CH2OH ( n=4, 6, 8, 10, 12 ) were shown to self-assemble in non-chiral
hollow spheres. Increasing the alkyl tail lengths was shown to diminish the diameter of
the hollow core.

Figure 2.43 - Self-assembly of (4-(3,4)2)12G2-CH2-Boc-L-Tyr-L-Ala-OMe in an applepeel, spherical helix or loxodrome around a hollow core. Reprinted with permission from
ref. 87. Copyright 2008 American Chemical Society.

2.7 Fluorous Phase or Fluorophobic Effect in Self-Assembly
Semifluorination of the dendritic periphery enhances the stability of columnar
self-organization of dendron-jacketed polymers.60,108 This same phenomenon was
observed in the self-assembly of dendrons into supramolecular dendrimers. It was also
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shown that the fluorophobic effect60 enhanced the self-organization of (3,4,5)12FmG1
dendronized benzo-crown ethers and crown-ethers into homeotropically aligned h
phases (Figure 2.44).109 Perhydrogenated dendronized crown-ethers only self-organize
into h phases in the presence of alkali salts thereby forming a virtual polymeric
backbone. Semifluorinated dendronized crown-ethers form h phases even in the absence
of salt.

Figure 2.44. Structures of (3,4,5)12FmG1 dendronized benzo-crown and crownethers.109
(4-3,4,5)12G1 with oligo-ethylene oxide apex functionality only self-assembles
into columnar structures in the presence of alkali salts. Semifluorination of the periphery
results in the stabilization of the h phase allowing for columnar self-assembly of
dendritic acids or dendrons with oligo-oxyethylene apex-functionality (Figure 2.45).60 It
was later demonstrated that semifluorination of (3,4,5)12G1 dendrons also stabilized the
formation of the h phase in the absence of alkali salts (Figure 2.46).110 The stabilization
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of the h phase is due to the fluorophobic effect, wherein the immiscibility of the melted
perfluorinated and perhydrogenated segments results in greater phase stability. Further,
the greater rigidity and cross-sectional area of the perfluorinated segments result in larger
column diameters.110

Figure 2.45 - Structures of (4-3,4,5)nFmG1-COOH and (4-3,4,5)nFmG1-oEO, where
o is the number of EO repeat units. 60

Figure 2.46 - Structures of (3,4,5)12FmG1-COOH and (3,4,5)12FmG1-oEO, where o
in this case is the number of EO repeat units.110
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The fluorophobic effect not only stabilizes the formation of columns, but can also
discriminate between spherical and columnar self-assembly.111 Perhydrogenated
(3,4,5)212G2-CO2Me self-organizes into a Cub lattice due to its high degree of branching
which promotes collapse of the high taper angle wedge shape into a lower taper angle
conical shape wherein all benzyl units adopt a trans-conformation. Semifluorinated
(3,4,5)212F8G2-CO2Me, on the other hand, forms pyramidal columns which selforganize into a h lattice. Here, the benzyl groups either adopt an all-gauche crown
conformation stacking in a unimolecular stratum, or the benzyl groups adopt an all-trans
conformation self-assembling into pine-tree pyramidal columns.111
Semifluorinated dendrons attached to electron-donor or acceptor-groups were
used to form co-assembled pairs of dendronized donors and dendronized acceptors,
dendronized donors with acceptor polymers or dendronized acceptors with donor
polymers.108 All systems self-organized into h via intercalation of donor arenes and
acceptor arenes provided access to complex electronic materials with high electron and
hole mobilities. Later, a more detailed XRD analysis of the self-assembly of n-type
acceptors (Figure 2.47) decorated with semifluorinated dendrons was performed.100 In
most cases self-assembly into pyramidal columns was observed, wherein, the central
column consists of a flat -stack of the donor, while the pendent dendron is attached to
the column with a noticeable tilt angle. Self-organization of these pyramidal columns
proceeded into h, r-c, and r-s lattices exhibiting LC phases, h phases with internal
order (hio), or crystalline phase (hk).100 A notable exception was found with the
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dendronized perylene bisimide. Here, an unprecedented pyramidal architecture was
observed, where the perylene units stacked parallel to the columnar axis.

Figure 2.47 - Structures of dendronized n-type acceptors.100
Percec also reported an expanded set of aromatic electron-donors dendronized
with either (3,4,5)12F8G1 or (3,4,5)16F8G1 (Figure 2.48).112 Donor groups included
3,5-dimethoxybenzene, 3,5-di(pyrrolidine-1-yl)phenol, 2-napthalene, phenothiazine,
pyrene, and carbazole. All dendronized donor molecules self-assemble into helical
pyramidal columns that self-organize into r-s, r-c, or h lattices. In addition, all
molecules exhibit a lower temperature columnar phase that exhibits higher degrees of
intracolumnar order. Time-of-flight charge carrier mobility was determined to be 1-3.5 
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10-3 cm2/ Vs for the dendronized pyrene and anthracene and results indicated a polaronic
transport mechanism.113

Figure 1.48 - Semifluorinated Percec-type dendrons (top left) and donor apex groups.
In a limited number of examples fluorophobically driven self-assembly results in
non-columnar structures. (4-3,4,5)12F8-4EO has been shown to self-assemble into an
“interlocked” gyroid phase with

symmetry (Figure 2.49).114 (3,4,5)212F8G2-

COOH self-assembles into spheres which self-organize in a Cub phase.68 Here the
stronger H-bonding is believed to mediate a more compact spherical structure.
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Figure 2.49 - Amphiphilic dendron with semifluorinated periphery that self-organizes
into the bi-continuous cubic phase (Cubbi) with
symmetry (a) and corresponding
relative electron density volumetric distribution that schematically illustrates the interlocked network of the bi-continuous phases (b).
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CHAPTER 3
Ni-Catalyzed Borylation and Cross-Coupling of Aryl Halides via
in-situ Prepared Neopentylglycolborane as a Tool for
Dendron Synthesis
(Adapted with permission from references 1, 2, and 3. Copyright 2008-2009 American Chemical Society)

3.1 Introduction
Boronic acids are used as intermediates in the synthesis of biaryl and related
structures,4 as building blocks for supramolecular polymers,5 as precursors to liquid
crystals,6 as chemical sensors,7 in total natural product synthesis,8 as catalysts,9 and in
numerous other synthetic applications. The broad applicability of boronic acids in organic
synthesis has encouraged the pursuit of efficient methods for their synthesis (Figure 3.1).
The traditional approach to arylboronic acids involves the formation of aryl Grignard and
aryl lithium reagents, followed by electrophillic trapping with trialkyl borates and
subsequent hydrolysis. As it employs the least expensive reagents, this method is one of
the few procedures that is used for large-scale applications. The sensitivity of such
reactions to moisture and the incompatibility of Grignard and organolithium reagents
with electrophillic functional groups can be obstacles to their implementation for many
substrates. One solution to this problem is the “in-situ” quench technique, wherein an
alkyllithium reagent is added directly to a solution of aryl halide and trialkyl borate.
While this is often an improvement, yields are still inadequate for many substrates
including carboxylic esters.10 An attractive alternative to boronic acid synthesis with hard
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metallating reagents involves transition metal catalyzed installation of cyclic boronate
esters. The cyclic boronate esters serve as either boronic acid substitutes or masked
boronic acids. The most well known method, Miyaura Borylation, utilizes Pd(0)11-12 to
catalyze the addition of tetraalkoxydiboron,12-15 pinacolborane (HBPin)11,

16

or

catecholborane17 to an aryl iodide, bromide or triflate. In addition to Miyaura Borylation,
a one-pot Ir catalyzed direct C-H boration was developed to synthesize the relatively
inaccessible 3,5-disubstiuted aryl boronic acids and aryltrifluoroborates from 1,3disubstituted arenes.18 Pd-catalyzed borylations of aryl halides and direct Ir catalyzed CH borylations can be restrictively expensive due to the high cost of reagents and catalyst
and the difficult synthesis of alkoxydiborons.12-15 Recent work has demonstrated that
bis(2-di-tert-butylphopinopheneyl) ether19 or Buchwald-type ligands20-22 activate Pd for
the pincolborylation and cross-coupling aryl chlorides,19-21 tosylates,22 and mesylates.22
Through the use of less expensive and more accessible aryl-chlorides and phenol derived
compounds as substrates dramatically expands the scope of Pd-catalyzed borylation and
cross-coupling and reduces to some extent the cost.
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Figure 3.1 - Overview of methods employed in the synthesis of aryl-boronic acids.
The Percec laboratory has focused on the development of Ni-catalysts for SuzukiMiyaura cross-coupling of aryl halides, tosylates and mesylates.23-27 The universality of
NiCl2(dppe)/PPh327 as a catalyst for Suzuki-Miyaura cross-coupling of aryl boronic acids
and aryl iodides, bromides, chlorides, tosylates, and mesylates and our need for large
quantities of boronic acid and derived biaryls for use in dendron (see Chapter 4 and
Chapter 5), dendrimer, and polymer synthesis28-31 triggered our pursuit of a general and
cost-effective method for Ni-catalyzed dialkoxyborylation.

3.2 Results and Discussion
3.2.1 Initial Investigations on Ni-Catalyzed Pinacolborylation
Ni-catalyzed pinacolborylation has been reported once in the literature by Tour et
al.32 Therein, Pd-catalyzed borylation was modified to use less expensive Ni and HBPin
for the bis- and tris-borylation of two substrates: 1,4-dibromobenzene and 1,3,5tribromobenzene. For the purpose of multi-borylation, 10% NiCl2(dppp), 1.5 equiv of
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HBPin per halide, and 3.0 equiv Et3N were suitable.32 Investigation into Ni-catalyzed
mono-borylations1 used the conditions of Tour32 as a starting point. Two significant
modifications were incorporated at the onset of this study. To reduce the cost and
eliminate a synthetic step, HBPin was prepared “in-situ” by addition of BH3•DMS to a
solution of pinacol in toluene and used directly in the borylation via cannulation without
purification. In these initial studies, relatively electron-rich aryl-bromide, 4bromoanisole, was employed (Figure 3.2). While the use of unpurified HBPin has been
reported for hydroborations, prior distillation is standard for transition metal-catalyzed
borylation. To ensure high conversion while using in-situ formed HBpin, the starting
equivalents of HBPin were increased from 1.5 to 2.0.

Figure 3.2 - Conditions for initial studies into the Ni-catalyzed pinacolborylation of 4bromoanisole.
In the initial screen of reaction conditions employing 4-bromoanisole, it was
revealed that solvent choice was critical to the success of the reaction. Ni-catalyzed
pinacolborylation proceeds in toluene, but does not proceed in dioxane. This is unusual
considering that Ni-catalyzed Suzuki-Miyaura cross-coupling proceeds in both dioxane
and toluene.27 Further, dioxane is an acceptable solvent for Pd-catalyzed Miyaura
boration using HBpin.
In Pd-catalyzed coupling of dialkoxyboranes with aryl halides, Et3N has been
shown to be more efficient than pyridine (Py), 1,8-diazabicyclo(5.4.0)undec-7-ene
(DBU), KOAc, or even Hünig’s base.12, 17 Due to the superiority of Et3N in Pd-catalyzed
99

pinacolborylation and the expectation that the mechanisms of Pd- and Ni-catalyzed
pinacolborylation are similar, Et3N was used without investigating other bases. While
Et3N is effective for Ni-catalyzed borylation, it must be purified prior to use. Use of as
received Et3N resulted in 66% conversion after 18 h. Distallation of Et3N over CaH2 prior
to use raised the conversion to 80%.
After suitable conditions for Ni-catalyzed pinacolborylation of 4-bromoanisole
were developped, the same conditions were applied to the pinacolborylation of an
electron-deficient substrate, methyl 4-bromobenzoate. Methyl 4-(4,4,5,5-tetramethyl1,3,2-dioxaborolan-2-yl)benzoate was obtained from methyl 4-bromobenzoate with
100% conversion after 18 h at 100 oC. However, 25% methyl benzoate byproduct was
observed. It is not clear at the present time whether this formal protodeboronation
byproduct is the result of true protodeboronation catalyzed by Ni(II), decomposition of
radical-anions generated from single-electron transfer (SET) from Ni(0/I/II) to the
arylhalide, or decomposition of the arylhalide/Ni oxidative addition product prior to
borylation. Regardless of the mechanism, effort was focused on the reduction of the
‘apparent’ protodeboronation in the Ni-catalyzed pinacolborylation of methyl 4bromobenzoate (Table 3.1). Decreased reaction temperature did not reduce the amount of
protodeboration but did have dramatic effects on conversion. Below 80 °C no measurable
conversion was observed and at 90 °C the reaction proceeded to only 50% conversion in
18 h. At 90 °C the extent of protodeboration was not reduced but rather increased slightly
to 30%. The effect of catalyst and pinacolborane loading levels on conversion and
protodeboronation was also assessed. Reducing the catalyst loading level from 10.0 mol
% to 5.0 mol % or the equivalents of HBPin from 2.0 to 1.5 resulted in diminished
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conversion, but failed to reduce the extent of protodeboronation. As determined
previously32 for bis- and tris-borylations, the most effective catalyst for mono-borylations
is NiCl2(dppp). NiCl2(dppp) achieved 100 % conversion of methyl 4-bromobenzoate in
18 h. NiCl2(dppe) resulted in 90% conversion, while the conversion for NiCl2(PPh3)2 was
only 70 %. The NiCl2(dppp) system can be modified to improve the product distribution.
Introduction of an additional 1.0 equivalents of dppp as a co-ligand reduced byproduct
formation from 25% to 7%. It is unclear why the conversions observed for NiCl2(dppp) is
superior to NiCl2(dppe) or why increased dppp levels suppress protodeboronation.

Table 3.1 - Pinacolborylation of Methyl 4-Bromobenzoate

a

Conversion and byproduct percentage determined via 1H NMR.

The results of Ni-catalyzed pinacolborylation using the optimized conditions for
select substrates including an electron-deficient aryl bromide, two electron-rich aryl
bromides, and an aryl iodide resulting in 60-80% yield are shown in Table 3.2.
Additional substrates have been tested, but they proved to be difficult to isolate oils.
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However, analysis of the crude reaction mixture by NMR generally showed good to
excellent conversion for aryl bromides and aryl iodides but very limited conversion for
aryl chlorides. The high conversions observed in Ni-catalyzed borylation were promising,
but the frequent difficulties in purification of the pinacolboronate esters, the
incompatibility of the isolated pinacolboronate esters with sequential NiCl2(dppe) crosscoupling, and the generally sluggish hydrolysis of the pinacolboronate esters to the
corresponding boronic acids, instigated a search for alternatives to HBPin as a borylating
reagent.
Table 3.2 - Selected Ni-Catalyzed Pinacolborylations

a

Isolated yield after column chromotography. 1H NMR conversions shown in parenthesis. bRatio based
upon 1H NMR. c Yield and conversion after 2 h.
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3.2.2 Development and Optimization of Ni-Catalyzed Neopentylglycolborylation
While HBpin has been used frequently as a relatively less expensive and easier to
prepare replacement to bis(pinacolato)diboron, only a few other dialkoxyboranes have
been explored. A screen of inexpensive diols revealed that while many 1,2-diols and 1,3diols are incompatible with in situ generation of cyclic dialkoxyborane, neopentylglycol
($0.02/g compared to $0.50/g for pinacol, Aldrich) is particularly ammenable to this
process, perhaps as a result of the Thorpe-Ingold effect enforced by the gem-dimethyl
group. In the initial screen of compatible diols, it was determined that the resulting
neopentylglycolboronate esters exhibited a higher tendancy toward crystalline than
equivalent pinacolboronate esters resulting in expedited and more efficient purification.
From 1H NMR analysis (See Experimental section), the reaction is believed to proceed
via “in-situ” formed neopentylglycolborane, a compound that to our knowledge has not
been reported in the literature, despite frequent use of its diboron analogue.33-34 While
efforts to isolate neopentylglcolborane have not been attempted, 2.0 M stock solutions in
toluene can be prepared and are stable under N2 for several weeks.
Good initial yields for Ni-catalyzed neopentylglycoborylation were achieved
using previously optimized conditions for Ni-catalyzed pinacolborylation (Section 3.2.1);
however, some optimization was required. Unlike pinacol, neopentylglycol can be easily
purified via recrystalization. Use of “as received” neopentylglycol resulted in 80%
conversion, while its recrystallization from CH2Cl2 prior to use resulted in 100%
conversion. While NiCl2(dppe) was only slightly less effective than NiCl2(dppp) for Nicatalyzed

pinacolborylation

it

only

exhibited

39%

conversion

for

neopentylglycolborylation of electron-rich bromide, 1-bromo-3,5-dimethoxybenzene. As
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was the case for Ni-catalyzed pinacolborylations use of an additional of 1.0 equivalents
of dppp co-ligand in the Ni-catalyzed neopentylglycolborylation of an electron-deficient
substrate, methyl 4-bromobenzoate resulted in decreased protodeboration (17% to 9.5%)
without diminishing overall conversion.

Table 3.3 - Optimization of Neopentylglycolborylation

a

Conversion and byproduct content determined by 1H NMR.

Using

these

optimized

reaction

conditions,

NiCl2(dppp)/dppp-catalyzed

neopentylglycolborylation was tested on a number of substrates (Table 4). Very good
results were obtained for electron-deficient and electron-rich aryl bromides as well as aryl
iodides (67-79% yield). In a follow-up report, many of these reactions were optimized
further to 80-95 % recovered yield.2 Pseudo-ortho substituted aryl bromides such as 2bromonaphthalene (Table 3.4, entry 5) and 2-bromothiophene (Table 4, entry 8) were
compatible NiCl2(dppp)/dppp-catalyzed neopentylglycolborylation. However, the orthosubstituted bromide, 2-bromotoluene (Table 4, entry 4) was not recovered by column
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chromatography despite complete consumption of starting material. Work in progress has
determined that in fact NiCl2(dppp)/dppp is not the ideal catalyst for for the Ni-catatlyzed
neopentylglycolborylation of ortho-substituted bromides, but rather Ni(COD)2/PCy3 or
NiCl2(dppp)/dppf are more effective. The aryl chloride proceeded to only 16%
conversion under these reaction conditions. Later work demonstrated that the mixed
ligand system NiCl2(dppp)/dppf provides for the efficient neopentylglycolborylation of a
diversity of aryl-chlorides.3
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Table 3.4 - Scope of Ni-Catalyzed Neopentylglycolborylation

a

Yield after column chromotography. bYield and product ratio based on 1H NMR. cYield after MeOH
recrystalization. Conversion and yield after 2 h.
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3.2.3 Sequential NiCl2(dppe)-Catalyzed Cross-Coupling
Previously, it had been determined that NiCl2(dppe)/dppe and mixed ligand
system NiCl2(dppe)/PPh3 were universal catalyts for the cross-coupling of arylboronic
acids with aryl iodides, bromides, chlorides, mesylates, and tosylates.27 Interestingly, the
aryl pinacolboronates produced via NiCl2(dppp)/dppp catalysis were not compatible with
in NiCl2(dppe) cross-coupling. At the time, the only Ni-catalyzed cross-coupling of
arylboronate esters in the literature was the Ni(COD)2/PPh3 or PCy3 catalyzed crosscoupling of 5,5-dimethyl-2-phenyl-1,3,2-dioxaborinane, a neopentylglycolboronate ester,
with vinyl phosphates.35 Of the aryl neopentylglycolboronate esters that we derived via
NiCl2(dppp)/dppp coupling, most did not participate in NiCl2(dppe)-catalyzed SuzukiMiyaura coupling using previously established conditions.27 However, methyl 4-(5,5dimethyl-1,3,2-dioxaborinan-2-yl)benzoate (Table 3.4, entry 1) proceeded with very good
to excellent yield in direct cross-coupling with aryl bromides and iodides and good yield
with aryl chlorides (Table 3.5). Lack of reactivity of electron rich aryl
neopentylglycolboronate esters could be overcome by changing the base from K3PO4 to
NaOH. NaOH may mediate in situ hydrolysis of the boronate esters into the
corresponding boronic acids. As demonstrated in later studies,2 the use of
Ni(COD)2/PCy3 or Pd as a catalyst provided for cross-coupling using all of the previously
prepared arylboronate esters with mild base. It is possible that only electron-defecient
arylneopentylglycolboronate esters or boronic acids are able to mediate the activation of
the NiCl2(dppp) pre-catalyst to the Ni(0)/dppp active catalyst.
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Table 3.5 - Cross-coupling of Aryl Neopentylglycolboronates

a

Yield after chromatography, approximate 1H NMR consumption of aryl halide in parenthesis. bNaOH
required as base, all other reactions utilize K3PO4.

As exemplified by the synthesis of methyl 3’,5’-dimethoxybiphenyl-4-carboxylate
(Table 3.5, Entry 2), this technique has potential to greatly simplify the synthesis of
biaryl dendritic building blocks. In this particular case it reduced the synthetic path from
five to two steps.29-30 Additionally, development of complimentary Pd-catalyzed cross108

coupling of arylneopentylgylcolboronate esters and implementation of suitable conditions
for the diethanolamine-assisted hydrolysis of arylneopentylglycolboronation provided
fasciliated the expeditious synthesis of a generational (See Chapter 4) and deconstructed
(See Chapter 5) libraries of biphenylpropyl ether dendrons. Beyond the improvement of
the synthesis of biaryls and related dendritic structures, this technique provides rapid
access to analogues of expensive, but broadly useful, boronic acids. For example, 4methoxycarbonylphenyl-1-boronic acid is used for the preparation of enatiomeric αaminoketones,36 but it is quite expensive ($31-54/g, Aldrich). Ni-catalyzed techniques
described here, achieve the pinacol- and neopentylboronate ester analogues in 80% and
72% yield respectively, and at siginficantly lower cost. Pinacol boronate esters are
compatible with Pd-catalyzed cross-coupling,37 and the neopentylboronate ester is
compatible with Ni-catalyzed cross-coupling and complimentary Pd-catalyzed crosscoupling.2, 38 Also, the neopentylglycolboronate ester can be converted in high yield to
the potassium trifluoroborate via KHF2 (See Experimental Section) and allows entrance
into

their

cross-coupling

with

aryl

halides.39-40

Arylpinacolboronate

esters,

arylneopentylglycolboronate esters, and aryl-trifluoroborates can be converted under
appropriate hydrolytic, oxidative or fluorophillic conditions to the boronic acid.41

3.3 Continued and Future Work
The development of sequential Ni-catalyzed borylation and cross-coupling was
instigated by the need for the synthesis of large quantities of functionalized boronic acids
for the synthesis of biphenylpropyl ether dendrons (See Chapter 4 and Chapter 5).
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However, the general utility of the methodology has already inspired three follow-up
studies and one further study is in progress.

3.3.1

Two-Step,

One-Pot

Ni-Catalyzed

Neopentylglycolborylation

and

Complementary Pd/Ni-Catalyzed Cross-Coupling with Aryl Halides, Mesylates and
Tosylates
In the original report,1 the first-example of Ni-catalyzed cross-coupling of
arylboronate esters with arylhalides was reported. Cross-coupling in the presence of mildbase such as K3PO4 was restricted to the electron-deficient aryl neopentylglycolboronate
ester, methyl 4-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)benzoate (Table 3.4, entry 1).
Other substrates were compatible when stronger base, NaOH, was employed. However,
many substrates including all arylmesylates are hydrolyzed in the presence of NaOH at
high temperature. In a later study,2 it was demonstrated that both electron-rich and
electron deficient arylneopentylglycolbornate esters were compatible with complimentary
PdCl2 catalyzed cross-coupling with aryl bromides and iodes. Further, it was
demonstrated that aryl-mesylates tosylates and chlorides could be cross-coupled with
arylneopentylglycolboronate esters through the use of Ni(COD)2/PCy3 as catalyst.
Finally, it was shown that the synthetic procedure could be streamed-lined by performing
the neopentyglycolborylation in the same-pot that the neopentylglycolborane was
prepared and that this process could be coupled with complimentary Pd-catalyzed crosscoupling to perform a one-pot three-step neopentylgylcolborylation and cross-coupling.
The versatility of neopentylglycolborylation under various protocols is outlined in Figure
3.3.
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Figure 3.3 - Versatility of Two-Step, One-Pot Ni-Catalyzed Neopentylglycolborylation
and Complementary Pd/Ni-Catalyzed Cross-Coupling with Aryl Halides, Mesylates and
Tosylates. Reprinted with permission from ref. 2. Copyright 2008 American Chemical
Society.
3.3.2 Neopentylglycolborylation of Aryl Chlorides Catalyzed by the Mixed Ligand
System NiCl2(dppp)/dppf
In the original1 and first follow-up report2 limited success was found for the Nicatalyzed neopentylglycolborylation of less reactive aryl chlorides. In a second follow-up
study,3 a larger library of catalysts was investigated. It was determined that the mixed
ligand

catalyst

NiCl2(dppp)/dppf

was

particularly

adept

at

catalyzing

the

neopentylglycolborylation of a diversity of electron-rich and electron-defecient aryl
chlorides (Table 3.6). As there is a greater diversity of commercially available and less
expensive aryl chlorides, the development of this catalytic greatly expands the scope and
utility of Ni-catalyzed neopentyglycolborylation. It is interesting to note that the most
effective universal catalyst for the Ni-catalyzed cross-coupling of aryl boronic acids with
aryl iodides, bromides, chlorides, tosylates, and mesylates was the mixed ligand catalyst
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NiCl2(dppe)/PPh3. Together, these results highlight the utility of mixed ligand libraries in
the discovery and optimization of transition metal-catalyzed reactions.

112

Table 3.6 - Neopentylglycolborylation of Aryl Chlorides Containing Additional
Electron-Withdrawing Substituents. Adapted with permission from ref. 3. Copyright
2009 American Chemical Society.
Cl
R

entry
1
2
3

0.1 equiv NiCl2(dppp)
0.05 equiv dppf

O
B H
O

convna / yieldb (%)

19

100 / 95 (60)

20

100 / 97 (51)c

COOCH 3

19

100/ 95(85)

O
S
O

Cl
O
S
O

Cl

Cl

R

time (h)

substrate

Cl

O
B
O

3 equiv Et3N, toluene
100 oC

4

Cl

CN

20

100 / 100

5

Cl

Cl

48

100 / 100(68)c

6

Cl

6.5

100 / 100(75)

18

100 / (45)d

Br

20

100 / 99 (83)e,f

O
CH3
Cl
O

7

H3CO

8

Cl

Cl

10

Cl

OH

20

70 / 68(40)

11

Cl

CH3

21

88 / 88(71)

OCH3

20

77 / 77

20

60 / 60

18

95 / (39)c

18

99 / (47)f

20

100 / 95(50)

6

98 / 96(60)

20

100 / 100(89)

20

100 / 84(56)

12

Cl

OCH3

13

Cl
OCH3
O

14

Cl

N
O

Cl
O

15

Cl

N
O

Cl
O

16
17
18

OCH3

Cl

CN
Cl

S

Cl
Cl

19
a

Conversion calculated from GC. bYield determined by GC. Isolated
yield in parenthesis. cDiborylated product. d1:1 mono/diborylated
products. eSelective borylation of bromide. fMonoborylated product.
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3.3.3 Neopentylglycolborylation of Ortho-substituted Aryl halides and
Neopentylglycolborylation of Aryl Mesylates and Tosylates
Thus far,1-3 we have not reported the successful neopentylglycolborylation of
ortho-substituted aryl halides nor of aryl mesylates and tosylates. For ortho-substituted
halides, initial studies with NiCl2(dppp)/dppp as catalyst suggested either significant
‘apparent’ protodeboronation with electron-withdrawing ortho-substituenents or sluggish
reactions for electron-donating ortho-substituents. Recently submitted work, showed that
once again mixed-ligand catalysts such NiCl2(dppp)/dppf, NiCl2(dppp)/PPh3 and
Ni(COD)2/PCy3 are more effective for these reluctant ortho-substituted aryl halides.42
Likewise, the mixed ligand-catalyst NiCl2(dppp)/dppf is showing promise for the
neopentylglycolborylation of aryl mesylates and tosylates. Effective condition for the Nicatalyzed neopentylglycolborylation of these phenol derived pseudo-halides will greatly
the substrate diversity.

3.3.4 Mechanistic Perspectives
The working mechanism for Ni-catalyzed neopentylglycolborylation is that of the
Miyaura Borylation (Figure 3.4). First the Ni(II)Cl2/L precatalyst is converted to the
active Ni(0)/L activate catalyst via sequential base-assisted displacement of the Ni-bound
chlorides with neopentylglycolborane. Once two neopentyglycolborane moieties are
bound to the Ni(II) center, reductive elimination will produce the active Ni(0)/L catalyst
and liberate bis(neopentylglycolato)diboron. Ni(0)/L will then oxidatively add to the arylhalide or pseudo-halide. Base-assisted displacement of the halide or pseudo-halide in the
resulting Ni(II) complex with neopentylglycolborane will provide the aryl/boryl Ni(II)
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complex. Reductive elimination will provide the aryl neopentylglycolboronate ester and
regenerate active Ni(0) catalyst.
While the mechanism presented in Figure 3.4 is a useful working hypothesis,
there are a number of experimental observations that bring it into question. Firstly, there
is a strong correlation between the temperature at which Ni(II) precatalyst is converted to
active Ni(0) catalyst (Tact) and the nature of the arylhalide. Tact follows the trend I < Br <
Cl. The proposed mechanism for the activation of the precatalyst does not involve aryl
halide. An alternative mechanism of precatalyst activation via a single-electron transfer
(SET) to the aryl halide is a possible explanation for the observed trends. Additional
support

for

this

assertion,

is

the

failure

to

observe

the

production

of

bis(neopentylglycolato)diboron species during initiation, though this species might be
consumed during the reaction. Additionally, at the present time, it is not clear why the use
of mixed-ligand system is more effective than a single-ligand system for the Ni-catalyzed
neopentylglycolborylation of less-reactive substrates. Possible explanations include 1) the
role of a mixed ligand complex in a key reaction step 2) the interchange of ligands during
the catalytic sequence or 3) the role of one ligand in the activation of the Ni(II) precatalyst to active Ni(0) catalyst and the other ligand in the catalytic process. Further
studies will be required to elucidate the true mechanism of Ni-catalyzed borylation.
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Figure 3.4 – Working mechanism of Ni-catalyzed neopentylglycolborylation.

3.4 Conclusions
In conclusion, a novel borylating neopentylglycolborane (HNpg) has been
developped.

Through

the

use

of

this

reagent,

NiCl2(dppp)/dppp

catalyzed

neopentylglycolborylation has been developed as a facile and inexpensive route to
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arylneopentylglycolboronate esters. These boronic acid substitutes can be used directly in
the first example of Ni-catalyzed cross-coupling of arylboronate esters with aryl halides.
While, this methodology was developped for and subsequently used in the synthesis of
self-assembling biphenylpropyl ether dendrons (See Chapter 4 and Chapter 5), it has
broader implications. Follow-up reports have already demonstrated the versatility of the
method

in

Two-Step,

One-Pot

Ni-Catalyzed

Neopentylglycolborylation

and

Complementary Pd/Ni-Catalyzed Cross-Coupling with Aryl Halides, Mesylates and
Tosylates and mixed-ligand catalysts have been developped for the Ni-catalyzed
neopentylglycolborylation of aryl chlorides. Work continues to expand the scope and
utility of this method to ortho-substituted aryl halides and aryl mesylates and tosylates.
Furture work will explore other uses for this methodology in iterative and
macromolecular synthesis.

3.5 Experimental Section
3.5.1 Materials
Borane

dimethylsulfide

complex,

3,5-dimethoxy-1-bromobenzene,

4-

(benyzyloxy)phenol, 1-bromonapthalene, 4-iodoanisole, hydrocinnamic acid, potassium
hydrogen fluoride, 2-bromothiophene 1,3-bis(diphenylphosophino)propane, and 1,2bis(diphenphosophino)ethane were used as received from Aldrich. 4-Bromotoluene and
4-bromoanisole were used as received from Lancaster. NiCl2•6H2O and pinacol were
used as received from Acros. H2SO4, MgSO4, NaCl, acetone, NaHCO3, dichloromethane,
ethyl acetate, THF, hexanes, and methanol were all used as received from Fischer. K3PO4
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(tribasic) from Fischer was dried at 40 °C prior to use. Neopentylglycol from Acros was
recrystallized from dichloromethane prior to use. Triphenylphosphine from Aldrich was
recrystallized from hexanes prior to use. Dioxane (ACS Reagent grade) from Fischer was
refluxed over sodium ketyl until the solution turned purple and was freshly distilled
before use. Toluene and triethylamine (ACS reagent grade) from Fischer were distilled
over CaH2 and stored under nitrogen prior to use. Deuterated solvents were obtained from
Cambridge Isotope Labs.

3.5.2 Techniques
Schlenk tubes with rubber septa tops under an inert atmosphere of N2.
Commercially available air sensitive reagents and dialkoxyboranes generated in situ were
transferred via syringe or stainless steel cannula. Organic solutions were concentrated by
rotary evaporation under house vacuum. Silica Gel Chromatography (Flash
Chromatography) was performed using the classic procedure,43 employing silica gel (60
Å pore size, 230-400 Mesh, 40-64 μm particle size, SiliCycle). Thin Layer
Chromatography was carried out on pre-coated aluminum plates (silica gel with F254
indicator; layer thickness 200 μm; particle size, 2-25 μm; pore size 60 Å, from SIGMAAldrich). TLC plates were visualized by exposure to ultraviolet light.

3.5.3 Instrumentation
1

H NMR (500 MHz or 360 MHz) and 13C NMR (125 MHz) spectra were recorded

on a Bruker DRX 500 or a Bruker DMX 360 instrument, using TMS as internal standard.
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Chemical shifts are reported relative to internal chloroform (δ 7.26 for 1H, δ 77.0 for 13C),
benzene (δ 7.16 for 1H and δ 128.39 for 13C) or DMSO (δ 2.50 for 1H and δ 39.51 for 13C)
standard solvent for NMR. For organoboron compounds, carbons adjacent to boron were
not observed due to peak broadening from the boron quadrapole moments. Melting
temperatures were recorded on a Thomas-Hoover Uni-Melt apparatus and were reported
without correction. High resolution mass spectra of new compounds were obtained on an
Autospec high resolution double focusing chemical ionization spectrometer.

3.5.4 Experimental Procedures and Characterizations
Synthesis of Reagents

NiCl2(dppe), NiCl2(dppp) and NiCl2(PPh3)2. Catalysts were prepared by refluxing a
methanolic solution of nickel(II) dichloride hexahydrate with stoichiometric phopshine
ligand according to literature procedures.44-45 Analytical data agreed with those reported.

4-(Benzyloxy)phenyl methanesulfonate. This compound was prepared according to
literature methods starting from 4-(benzyloxy)phenol.27

Methyl 4-iodohydrocinnamate.

4-Iodohydrocinnamic acid was prepared from

hydrocinnamic acid according to literature procedures using H5IO6/I2.46 To a stirring
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solution of 4-iodohydrocinnamic acid (12.24g, 44.4 mmol, 1.0 equiv) in methanol (75
mL), was added H2SO4 (2.2 mL). A reflux condenser was attached and the reaction
mixture was heated to reflux at 75 °C for 15 h under N2. The reaction mixture was cooled
to 23 °C and the methanol was removed by rotary evaporation. The crude oil concentrate
was diluted with DCM (100 mL) and ethyl acetate (15 mL). The solution was washed
with water (100 mL), saturated aqueous sodium bicarbonate (100 mL) and saturated
aqueous sodium chloride (100 mL). The organic layer was dried over anhydrous
magnesium sulfate. The dried organics were filtered and concentrated to furnish methyl
4-iodohydrocinnamte as an off-white solid (12.89g, 99%). Mp: 46 °C; 1H-NMR (500
MHz, CDCl3, 25 °C) δ = 7.59 (d, J=8.3 Hz, 2H, C2-H), 6.94 (d, J=8.1 Hz, 2H, C3-H),
3.65 (s, 3H, C8-H3), 2.88 (d, J=7.8 Hz, 2H, C5-H2), 2.59 ppm (d, J=7.8 Hz, 2H, C6-H2);
13

C NMR (125 MHz, CDCl3, 25 C) δ = 173.0 (C7), 140.1 (C4), 137.5 (C2), 130.4 (C3),

91.4 (C1), 51.7 (C8), 35.3 (C5), 30.4 (C6); HRMS (CI+): m/z calcd for (C10H12IO2)
289.9804, found 290.9882 [M+H]+
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In Situ Preparation of Neopentylglycolborane (HBN0pg) and Pinacolborane (5,5Dimethyl-1,3,2-dioxaborinane and 4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (HBpin).
To a stirring solution of neopentylglycol or pinacol (10.0 mmol, 2.0 equiv) in toluene (5
mL) at 0 °C was added BH3•DMS (10.0 mmol, 2.0 equiv) dropwise via syringe under
nitrogen. The reaction mixture was allowed to stir for 30 min at 0 °C and 90 min at 23 °C
at which point gas evolution ceased. Neopentylglycolborane and pinacolborane were
used directly via cannulation of the toluene solution without further purification or
analysis.
NMR Characterization of In Situ Prepared Neopentylglycolborane (HBNpg)
Pinacolborane (HBPin) has been previously isolated and characterized.16 To our
knowledge neopentylglycolborane (HBNpg) has not been isolated, used, or characterized.
While isolation and purification of HBNpg was not attempted, formation of HBNpg was
observed in situ by NMR analysis. Transferring a small aliquot of its toluene solution to a
nitrogen flushed NMR tube filled with benzene-d6 via a J Young valve 1H-NMR and 13CNMR spectrawere collected. On the following pages is a comparison of the NMR of
neopentylglycol (Figure 3.5) and in situ prepared HBNpg (Figure 3.6 and Figure 3.7).
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Figure 3.5 - 1H-NMR spectrum of Neopentylglycol in benzene-d6 (360 MHz)
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Neopentylglycolborane (HBNpg)

Figure 3.6 - 1H-NMR spectrum of neopentylglycolborane (HBNpg) in benzene-d6 (3.3 to
3.2 ppm enlargement on left)
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Figure 3.7 - 1H-NMR spectrum of neopentylglycolborane (HBNpg) in benzene-d6 ,
enlargement of 0.8 ppm to 0.5 ppm.
While the identity of the BH resonance is not clear, two changes in chemical shift
indicate the formation of HBNpg. The C3-H2 peak shifts from δ3.25 ppm to δ3.21 ppm in
HBNpg. The C1-H3 peak shifts more dramatically from δ0.73 ppm to δ 0.53 ppm.
Product neopentylglycolboronate esters exhibit a chemical shift of δ 3.48 ppm for C3-H2
and δ 1.02 ppm for C1-H3. Enlargement of the C1 and C3 peak regions show smaller side
peaks indicating between 5-15% residual neopentylglycol and the likely presence of
traces of non-cyclic side-products. The bifurcation of the C1-H3 peak and the large
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associated Δδ, could indicate the formation of HBNpg•DMS complx, which would create
anisotropy between the pseudo-axial and pseudo-equatorial methyl groups.

Figure 3.8 - 13C NMR spectrum of neopentylglycolborane in benzene-d6 (125 MHz).
13

C-NMR

(Figure

3.8)

showed

a

resonance

for

C1

and

C3

of

neopentylglycolborane, however at the experimental concentrations the quaternary C2
resonance was not observed. Together, 1H-NMR of neopentylglycol and the 1H-NMR
and

13

C-NMR of the reaction mixture after its treatment with BH3•DMS in benzene-d6

provide spectroscopic evidence for the formation of neopentylglycolborane in situ and
allow a preliminary characterization of neopentylglycolborane. Purification of
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neopentylglycolborane, specifically the removal of DMS from mixture may provide
different chemical shifts.

Neopentylglycolborane (5,5-Dimethyl-1,3,2-dioxaborinane) (HBNpg)
1

H NMR (500 MHz, benzene-d6) :

ppm.; 13C-NMR (125 MHz, bezene-d6) δ:

3.21 (s, 4H, C3-H2), 0.53 (2s, 6H, C1-H3)
71.8 (C3), 21.9 (C1)

General Procedure for the Synthesis of Aryl Neopentylglycol- and Pinacolboronic
Esters. A round-bottom flask was charged with an aryl halide (5.0 mmol, 1.0 equiv),
NiCl2(dppp) (0.5 mmol, 0.1 equiv), dppp (0.5 mmol, 0.1 equiv), and a Teflon coated
stirbar. The reaction vessel was evacuated for 10 min under high vacuum and backfilled
with N2. This process was repeated twice more. Toluene (5 mL) and Et3N (15.0 mmol,
3.0 equiv) were added. To the crimson-colored suspension was added freshly prepared
neopentylglycolborane or pinacolborane (10.0 mmol, 2.0 equiv in 5 ml toluene) via
cannula at 23 °C. The reaction mixture was refluxed at 100 °C for 18 h.

Upon

completion, the reaction mixture was quenched via slow addition of saturated aqueous
ammonium chloride (10 mL). The quenched reaction mixture was then diluted with ethyl
acetate (10 mL) and washed with saturated aqueous ammonium chloride (3 x 50 mL).
The aqueous layers were back-extracted with ethyl acetate (2 x 50 mL) and DCM (2 x 50
mL). The organic layers were combined, dried over anhydrous MgSO4, filtered, and
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concentrated to achieve the crude product. Purification was achieved via silica gel
chromatography or recrystallization.

Methyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate. The crude product
was purified by silica gel chromatography (DCM, Rf = 0.53) to yield the product as white
crystals (1.05 g, 80%). mp = 79-80.5C; 1H NMR (500 MHz, CDCl3) : 8.02, (d, J = 8.3
Hz, 2H, C4-H), 7.87 (d, J = 8.4 Hz, 2H, C5-H ), 3.92 (s, 3H, C8-H3), 1.36 (s, 12H, C1H3); 13C NMR (125 MHz, CDCl3) :167.1 (C7), 134.6 (C4), 132.3 (C6), 128.5 (C5), 84.1
(C2), 52.1 (C8), 24.8 (C1).Spectra agree with those reported in literature.11

2-(3,4-Dimethoxyphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane. The crude product
was purified by silica gel chromatography (10 hexanes : 1 ethyl acetate, Rf = 0.16) to
yield the product as white crystals (0.84 g, 63%). Mp = 82-83 C;1H NMR (500 MHz,
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CDCl3) : 7.42 (dd, J1 = 7.9 Hz, J2 = 1.2 Hz 1 H, C4-H), 7.28 (d, J = 1.2 Hz, 1 H, C8-H),
6.88 (d, J = 8.0 Hz, 1 H, C5-H), 3.92 (s, 3 H, C9/10-H3), 3.90 (s, 3 H, C9/10-H3), 1.36 (s,
12 H, C1-H3) 13C NMR (125 MHz, CDCl3) :152.0 (C6/7), 148.7 (C6/7), 128.9 (C4),
117.0 (C8), 110.9 (C5), 84.0 (C2), 56.2 (C9/10), 56.1 (C9/10), 25.2 (C1) Spectra agree
with those reported in literature.47

4,4,5,5-Tetramethyl-2-(3,4,5-trimethoxyphenyl)-1,3,2-dioxaborolane.

The

crude

product was purified by silica gel chromatography (10 hexanes : 1 ethyl acetate, Rf = 0.13)
to yield the product as white crystals (1.15 g, 79%). Mp = 100-101.5 C; 1H NMR (500.
MHz, CDCl3) : 7.04 (s, 2H, C4-H), 3.90 (s, 6H, C7-H3), 3.87 (s, 3H, C8-H3), 1.35 (s,
12H, C1-H3)

13

C NMR (125 MHz, CDCl3) : 153.1 (C5), 141.2 (C6), 111.6 (C4), 84.0

(C2), 60.9 (C8), 56.3 (C7), 25.0 (C1).
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Methyl 3-[4-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)phenyl]propanoate. The
crude product was purified via silica gel chromatography (3 DCM : 1 hexanes, Rf = 0.21)
to yield the product as white crystals (0.89 g, 60%). Mp = 57-58 C;1H NMR (500 MHz,
CDCl3) : 7.74 (d, J = 8.0 Hz, 2H, C4-H), 7.21 (d, J = 8.2 Hz, 2H, C5-H), 3.66 (s, 3H,
C10-H3), 2.96 (t, J = 7.9 Hz, 2H, C7-H2), 2.63 (t, J = 7.9 Hz, 2H, C8-H2), 1.33 (s, 12H,
C1-H3); 13C NMR (125 MHz, CDCl3) δ: 173.4 (C9), 144.0 (C6), 135.3 C(4), 127.9 (C5),
83.9 (C2), 51.8 (C10), 35.7 (C7), 31.4 (C8), 25.1 (C1); HRMS (CI+): m/z calculated for
(C15H23BO5+H)+ : 295.1717, found: 295.1713 Spectra agree with those reported in
literature.48
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Methyl 4-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)benzoate. Performed on 3x scale
(15.0 mmol of aryl halide). The crude product was recrystallized in methanol to yield the
product as white crystals (2.68 g, 72%). Mp = 113-114 oC. 1H NMR (500 MHz, CDCl3) δ:
8.00 (d, J = 7.7 Hz, 2H, C(6)-H), 7.86 (d, J = 7.7 Hz, 2H, C(5)-H), 3.91 (s, 3H, C(9)-H3),
3.78 (s, 4H, C(3)-H2), 1.02 (s, 6H, C(1)-H3) 13C NMR (125 MHz, CDCl3) δ: 167.4 (C8),
133.9 (C6), 132.0 (C7), 128.6 (C5), 72.5 (C3), 52.1 (C9), 32.0 (C2), 22.0 (C1) HRMS
(CI+): m/z calculated for (C13H17BO4+H)+: 249.1297, found: 249.1285. Spectra agree
with those reported in literature.49

2-(4-Methoxyphenyl)-5,5-dimethyl-1,3,2-dioxaborinane. The Crude product was
purified by silica gel chromatography (15 hexanes: 1 ethyl acetate, Rf = 0.21) to yield the
product as white crystals (0.86 g, 78%). Mp = 57-58 °C. 1H NMR (500 MHz, CDCl3) δ:
7.74 (d, J = 8.4 Hz, 2H, C5-H), 6.88 (d, J = 8.4 Hz, 2H, C6-H), 3.82 (s, 3H, C8-H3), 3.75
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(s, 4H, C3-H2), 1.02 (s, 6H, C1-H3) 13C NMR (125 MHz, CDCl3) δ:

161.9

(C7),

135.7 (C5), 113.3 (C6), 72.4 (C3), 55.2 (C8), 32.0 (C2), 22.1 (C1) HRMS (CI+) δ: m/z
calculated for (C12H17BO3)+: 220.1270, found: 220.1266. While this compound is known
in literature spectra are not reported for comparison.49

2-(3,5-Dimethoxyphenyl)-5,5-dimethyl-1,3,2-dioxaborinane. The crude product was
purified by silica gel chromatography (10 hexanes: 1 ethyl acetate, Rf = 0.28) to yield the
product as white crystals (0.88 g, 67%). Mp = 114-115 oC; 1H NMR (360 MHz, CDCl3)
δ:

6.97 (d, J = 2.3 Hz, 2H, C5-H), 6.55 (t, J = 2.3 Hz, 1H, C7-H), 3.82 (s, 6H, C8-

H3), 3.77 (s, 4H, C3-H2), 1.03 (s, 6H, C1-H3); 13C NMR (125 MHz, CDCl3) δ:

160.5

(C6), 111.0 (C5), 104.1 (C7), 72.5 (C3) , 55.4 (C8), 32.0 (C2), 22.0 (C1); HRMS (CI+):
m/z calculated for (C13H19BO4+H)+: 251.1454, found: 251.1451.
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5,5-Dimethyl-2-(naphthalen-1-yl)-1,3,2-dioxaborinane.

The

crude

product

was

purified by silica gel chromatography (15 hexanes: 1 ethyl acetate, Rf = 0.34) to yield the
product as white crystals (0.95 g, 79%). Mp = 69-70 oC; 1H NMR (500 MHz, CDCl3) δ:
8.74 (d, J = 8.5 Hz, 1H, Ar-H), 8.02 (d, J = 1.2 Hz, 1H, Ar-H), 7.89 (d, J = 8.2 Hz, 1H,
Ar-H), 7.81 (d, J = 1.3 Hz, 1H, Ar-H), 7.47 (m, 3H, Ar-H), 3.89 (s, 4H, C3-H2), 1.10 (s,
6H, C1-H3); 13C NMR (125 MHz, CDCl3) δ: 136.9 (Ar-C), 134.5 (Ar-C), 133.6 (Ar-C),
131.0 (Ar-C), 128.5 (2, Ar-C), 126.1 (Ar-C), 125.3 (Ar-C), 125.1 (Ar-C), 72.6 (C3), 31.9
(C2), 22.1 (C1); HRMS (CI+): m/z calculated for (C15H17BO2)+: 240.1321, found:
240.1311. Spectra agree with those reported in literature.49

Methyl 3-(4-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)phenyl)propanoate. The crude
product was purified by silica gel chromatography (5 hexanes: 1 ethyl acetate, Rf = 0.28)
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to yield the product as white crystals (1.00 g, 72%). Mp = 68-69 oC; 1H NMR (500 MHz,
CDCl3) δ: 7.73 (d, J = 7.9 Hz, 2H, C5-H), 7.19 (d, J = 7.8 Hz, 2H, C6-H), 3.76 (s, 4H,
C1-H2), 3.67 (s, 3H, C3-H2), 2.96 (t, J = 7.9 Hz, 2H, C8-H2), 2.64 (t, J = 7.9 Hz, 2H, C9H2), 1.02 (s, 6H, C1-H3); 13C NMR (125 MHz, CDCl3) δ: 173.4 (C10), 143.3 (C7), 134.3
(C5), 127.7 (C6), 72.4 (C3), 51.7 (C11), 35.7 (C8), 32.0 (C2), 31.3 (C9), 22.0 (C1);
HRMS (CI+): m/z calculated for (C15H21BO4+H)+: 277.1610, found: 277.1613. Spectra
agree with those reported in literature.49
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5,5-dimethyl-2-(thiophen-2-yl)-1,3,2-dioxaborinane. The crude product was purified
by silica gel chromatography (10 hexanes: 1 ethyl acetate, Rf = 0.6) to yield the product
as white crystals (0.75 g, 74%). Mp = 91-92 oC; 1H NMR (500 MHz, CDCl3) δ: 7.59 (dd,
J = 3.5 Hz, J = 0.8 Hz 1H, C3-H), 7.57 (dd, J = 4.7 Hz, J = 0.8 Hz, 1H, C1-H), 7.17 (d, J
= 4.7 Hz, J = 3.5 Hz, 1H, C2-H), 3.77 (s, 4H, C5-H2), 1.03 (s, 6H, C7-H3),
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C NMR

(125 MHz, CDCl3) δ: 135.0 (C3), 131.7 (C2), 128.42 (C1), 72.7 (C5), 32.4 (C6), 22.2
(C7); HRMS (CI+): m/z calculated for (C9H13BO2S)+: 196.0729, found: 196.0724.

General Procedure for Cross-Coupling of Neopentylglycolboronic esters and Aryl
Halides. A Schlenk tube was charged with aryl halide (0.67 mmol, 1.0 equiv), aryl
boronic ester (0.81 mmol, 1.2 equiv), potassium phosphate or sodium hydroxide (2.02
mmol, 3.0 equiv), 1,2-bis(diphenylphosphino)ethane nickel(II) chloride (0.07 mmol, 0.1
equiv), 1,2-bis(diphenylphosphino)ethane (0.07 mmol, 0.1 equiv), and a Teflon coated
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stirbar. A reflux condenser was attached and the reaction mixture was evacuated for ten
minutes under high vacuum. The vessel was backfilled with nitrogen. This process was
repeated twice more. Dry dioxane was added via the T-neck and the reaction mixture was
heated to 110 ºC for 18 h. Near or upon reaching 110 ºC the reaction color should change
from red to yellow. The reaction mixture was cooled to room temperature and diluted
with DCM (10 mL). The solution was filtered and the filtrated washed with DCM (100
mL). The filtrate was concentrated and purified via silica gel chromatography.

Dimethyl Biphenyl-4,4’-dicarboxylate. The crude product was purified via silica gel
chromatography (5 hexanes:1 ethyl acetate gradient to 1 hexanes:1 Ethyl Acetate, Rf =
0.40) gave desired product as white crystals. Yield from aryl chloride (0.15 g, 67%).
Yield from aryl bromide (0.17 g, 79%). Mp: 212-213 °C; 1H NMR (500 MHz, CDCl3) δ:
8.13 (d, J = 8.3 Hz, 4H, C2-H), 7.69 (d, J = 8.3 Hz, 2H, C3-H), 3.95 (s, 6H, C6-H3); 13C
NMR (125 MHz, CDCl3) δ: 166.7 (C5), 144.3 (C4), 130.2 (C3), 129.8 (C1), 127.2 (C4),
52.1 (C6) Spectra, melting point and Rf match literature values.50-51

Methyl 4’-Methylbiphenyl-4-carboxylate. The crude product was purified via silica gel
chromatography (5 heanxes:1 ethyl acetate, Rf = 0.52). Yield (0.13 g, 86%) as white
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crystals. Mp : 115-116 °C; 1H NMR (500 MHz, CDCl3) δ: 8.07 (d, J=8.3 Hz, 2H, C7-H),
7.62 (d, J=8.3 Hz, 2H, C6-H), 7.51 (d, J=7.9 Hz, 2H, C3-H), 7.25 (d, J=7.7 Hz, 2H, C2H), 3.91 (s, 3H, C10-H3), 2.39 (s, 3H, C11-H3); 13C NMR (125 MHz, CDCl3) δ: 167.0
(C9), 145.6 (C5), 138.1 (C4) , 137.2 (C1) , 130.1 (C7), 129.7 (C2), 128.7 (C8) ,127.1
(C6), 126.8 (C3) , 52.0 (C10), 21.1 (C11). Spectra agree with those reported in
literature.52

Methyl 4’-methoxybiphenyl-4-carboxylate. The crude product was purified via
silica gel chromatography (5 hexanes: 1 Ethyl Acetate, Rf

=

0.37 ). Yield (150 mg, 92%)

as white crystals. Mp = 173-174 °C; 1H NMR (500 MHz, CDCl3) δ:

8.08 (d, J =

8.5 Hz, 2H, C7-H), 7.62 (d, J = 8.5 Hz, 2H, C6-H), 7.57 (d, J = 8.8 Hz, 2H,C3-H), 6.99
(d, J = 8.8 Hz, 2H, C2-H), 3.94 (s, 3H, C10-H3), 3.86 (s, 3H, C11-H3)
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C NMR (125

MHz, CDCl3) δ: 167.0 (C9), 159.9 ( C1), 145.2 (C5), 132.5 (C4), 130.1 (C7), 128.4 (C8),
128.3 (C6), 126.5 (C3), 114.4 (C2), 55.4 (C11), 52.0 (C10) Spectra and melting point
agree with those reported in literature.53-54
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Methyl 3’,5’-dimethoxybiphenyl-4-carboxylate. The crude product was purified by
silica gel chromatography (5 hexanes : 1 ethyl acetate gradient to 1 hexanes : 1 ethyl
acetate, Rf = 0.68). Yield (0.15 g, 83%) as a white crystals. Mp = 79-80 °C; 1H NMR
(360 MHz, CDCl3) δ: 8.08 (d, J = 8.3 Hz, 2H, C7-H), 7.63 (d, J = 8.3 Hz, 2H, C6-H),
6.74 (d, J = 1.9 Hz, 2H, C3-H), 6.50 (t, J = 1.9 Hz, 1H, C1-H), 3.93 (s, 3H, C10-H3),
3.83 (s, 3.84, 6H, C11-H3);13C NMR (125 MHz, CDCl3) δ:

166.8 (C10), 161.1

(C2), 145.5 (C5), 142.1 (C4), 130.0 (C7), 129.1 (C8), 127.1 (C6), 105.5 (C3), 99.9 (C1),
55.4 (C11), 52.0 (C10); Spectra and melting point agree with those reported in
literature.29

3,4’,5-Trimethoxybiphenyl.

The

crude

product

was

purified

by

silica

gel

chromatography (5 hexanes: 1 ethyl acetate gradient to 3 hexanes: 1 ethyl acetate, Rf =
0.8 ). Yield from 3,5-dimethoxy-1-bromobenzene (0.13 g, 70%) as a white crystalline
solid. Yield from 4-Iodoanisole (0.15 g, 92%) as white crystals. Mp: 59 °C; 1H NMR
(500 MHz, CDCl3) δ: 7.52 (d, J = 8.9 Hz, 2H, C6-H), 6.97 (d, J = 8.8 Hz, 2H, C7-H),
6.70 (d, J = 2.3 Hz, 2H, C3-H), 6.44 (t, J = 2.3 Hz, 1H, C1-H), 3.85 (s, 9H, C9/10-H3)
136

13

C NMR (125 MHz, CDCl3) δ:161.1 (C2), 159.4 (C8), 143.1 (C4), 133.8 (C5), 133.8

(C6), 114.2 (C7), 105.2 (C3), 98.8 (C1), 55.4 (2, C9-10) Spectral data and melting point
agree with those reported in literature.55

Synthesis of Potassium Trifluoro(4-(methoxycarbonyl)phenyl)borate.

To a stirring solution of methyl 4-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)benzoate (1.6
mmol, 1.0 equiv) in THF was added an aqueous solution of KHF2 ( 8.9 mmol, 5.0 equiv
in 3 mL). The solution was allowed to stir for 1 h. The reaction mixture was concentrated
and the crude product was recrystallized from acetone to yield the desired product as
white crystalline shards. (0.33 g, 87%);1H NMR (500 MHz, DMSO-d6) δ: 7.73 (d, J = 7.8
Hz, 2H, C2-H), 7.46 (d, J = 7.7 Hz, 2H, C3-H), 3.80 (s, 3H, C6-H3);13C NMR (125 MHz,
DMSO-d6) δ: 167.1 (C5), 131.4 (C2), 127.1 (C3), 126.4 (C4), 51.5 (C6);HRMS (CI-):m/z
calculated for (C8H7BF3O2)- : 203.0496, found: 203.0485, While this compound is known
in the literature, no spectra were reported for comparison.56
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CHAPTER 4
Predicting the Structure of Supramolecular Dendrimers via
the Analysis of Libraries of AB3 and Constitutional Isomeric AB2
Biphenylpropyl Ether Self-Assembling Dendrons
(Adapted with permission from reference 1. Copyright 2009 American Chemical Society)

4.1 Introduction
Dendrons and dendrimers2-4 prepared through iterative convergent5-7 or
divergent8-10 synthesis are perfectly branched molecules that have fostered advances at
the

interface

of

chemistry,

biology,

physics,

medicine,

nanoscience,

and

bionanotechnology. Most dendrons and dendrimers do not self-assemble or self-organize
and therefore exhibit liquid or amorphous structures. Our laboratory developed strategies
for the design of self-assembling quasi-equivalent11-12 building blocks that mimic the
structure and function of complex biological systems through the strategic combination
of chemically dissimilar units in the primary structure of the dendrons. Benzyl ether
dendrons functionalized with aliphatic or semifluorinated alkyl groups are examples that
mediate self-assembly into a variety of periodic lattices and quasi-periodic arrays.13-21
Additional approaches to self-assembling dendrons and related structures by merging
chemically dissimilar subunits were elaborated by other laboratories.22-33 The Percec
laboratory generated methods for the structural and retrostructural analysis of the p6mm
hexagonal columnar (h), p2mm simple rectangular columnar (r-s) and the c2mm
centered rectangular columnar (r-c) periodic lattices in order to determine the
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conformation of the dendrons during self-assembly. Subsequently, the first spherical
supramolecular dendrimers that self-organize into cubic Pm3n (Cub),13 cubic Im 3m
(BCC),20, 34 tetragonal P42/mnm (Tet) lattices35 and into 12-fold quasi-liquid crystalline
(QLC)36 arrays were discovered and methods for their retrostructural analysis were
elaborated (See Chapter 2). Originally, columnar and spherical supramolecular
dendrimers were considered to be micellar. However, adaptation of Cochran, Crick and
Vand helical diffraction theory37 to incorporate tilted groups of atoms, revealed detail
features that demonstrated internal helical order in the supramolecular columns38 derived
from self-assembling dendrons and dendrimers. Recently, it was discovered that
supramolecular spheres can be chiral39 or chiral hollow40and therefore brought into
question the micellar structure of spherical dendrimers. In addition to providing insight
into the mechanisms of self-assembly in biological and synthetic systems, the internal
structures of supramolecular dendrimers generated from aryl-ether dendrons and
dendrimers have been exploited for the design of complex systems such as self-repairing
supramolecular electronic materials,41-43 porous protein mimics,44-50 supramolecular
containers,40 thixotropic gels,51 and nanomechanical actuators.52-53
Through the synthesis, structural, and retrostructural analysis of libraries of
AB2,13-20 AB3,

13-20

AB4,54 AB5,54 and ABy-ABn21 self-assembling benzyl ether dendrons

it was discovered that the primary structure of the dendron determines the tertiary
structure of the resulting supramolecular dendrimers, their quaternary structure (selforganized periodic lattice or quasi-periodic array) and the mechanism of self-assembly.54
The structural and retrostructural analysis of a library of phenylpropyl ether dendrons55
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that are more flexible than the corresponding benzyl ether dendrons13-21 proved that selfassembly is also possible with dendritic building blocks which access conformations
similar to the trans and gauche conformations of the benzyl ethers building blocks.
Benzyl ether dendrons provided the most investigated class of self-assembling and selforganizable dendrons.19 However, they exhibit acidic and oxidative instability, and their
corresponding supramolecular dendrimers are limited in size. In addition, the structural
and retrostructural analysis of libraries of phenylpropyl55 and biphenyl-4-methyl ether
dendrons56-57 demonstrated the tolerance of the self-assembly process to larger dendritic
building blocks and provided access to larger supramolecular structures. However,
phenylpropyl ether dendrons exhibit very low phase transitions, although are more stable
under acidic conditions than benzyl ether dendrons. In addition, the phenolates derived
from phenylpropyl ether building blocks, are oxidatively less stable than those derived
from benzyl ethers. While the biphenyl-4-methyl ether building blocks exhibited
enhanced stability to oxidation, biphenyl-4-methyl ether dendrons were less soluble,
thereby restricting the size of the library that could be synthesized and analyzed.
Herein, the synthesis, structural and retrostructural analysis of a new class of selfassembling biphenylpropyl (BpPr) ether dendrons is reported. The BpPr building block
was constructed to synergistically combine the size of phenylpropyl and biphenyl-4methyl ether dendrons with the most desirable combination of solubility, acidic and
oxidative stability. New supramolecular structures discovered during the synthesis of the
libraries of BpPr dendrons are also presented. BpPr dendrons were designed to facilitate
comparison of all previously reported libraries of self-assembling aryl ether dendrons.
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This comparative analysis provided a “nanoperiodic table”58 of self-assembling dendrons
allowing for the prediction of the structure of the corresponding supramolecular
dendrimers.

4.2 Results and Discussion
4.2.1 The Modular Synthesis of Dendritic Building Blocks. Three modular approaches
for

the

synthesis

of

4’-hydroxy-4-biphenylpropionic,

3’,4’-dihydroxy-4-

biphenylpropionic, 3’,5’-dihydroxy-4-biphenyl-propionic, and 3’,4’,5’-trihydroxy-4biphenylpropionic methyl esters that will subsequently be used in the iterative synthesis
of self-assembling BpPr dendrons were elaborated (Figure 4.1). In previous publications,
phenylpropyl ether55 and biphenyl-4-methyl ether56 dendritic building blocks were
assigned the short notations Pr and Bp, respectively. Biphenylpropyl ether building
blocks are a combination of Pr and Bp structures, and the short notation that will be used
for them is BpPr. The three modular approaches outlined in Figure 4.1 will allow for
additional modifications to the structure of the dendritic building block without the need
of new synthetic methods. In all three approaches, phenyl-methyl ether and propionic
methyl ester groups were selected for the periphery and apex connection points,
respectively. These groups were transformed into phenol and propanol groups under
orthogonal conditions, as required for their use in convergent iterative dendron synthesis.
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Figure 4.1 - The three modular approaches to BpPr building blocks.
The 3-phenylpropionate building blocks reported previously for the synthesis of
Pr dendrons55 were prepared by Knoevenagel condensation59 of 4-hydroxy-, 3,4benzyloxy-, 3,5-benzyloxy-, or 3,4,5-tribenzloxybenzaldehyde with malonic acid
(Scheme 2.5). The biphenyl-4-methyl ether building blocks56 employed in the synthesis
of Bp dendrons were prepared through efficient Ni-catalyzed Suzuki cross-coupling
(Scheme 2.7).60-64 A three-component synthesis (aryl halide, arylboronic acid, and
malonic acid) of BpPr dendritic building blocks (Figure 4.1, top) was accessible through
the direct application of the approaches utilized for Pr and Bp dendrons (Scheme 4.1). 4Bromotoluene (1) was converted to the corresponding aryl Grignard reagent, which was
trapped with B(OMe)3. Acidic hydrolysis provided 4-toluene boronic acid (2) in 80 %
yield after recrystallization from H2O. Oxidation of the benzylic carbon with KMnO4,
followed by esterification in acidic methanol provided54 4-methoxycarbonylphenyl-1boronic acid (3) in 60 % yield over two steps. 4-Methoxycarbonyl-1-phenyl boronic acid
(3) was cross-coupled with 3,4-dimethoxy- or 3,4,5-trimethoxy-1-bromobenzene (4b,d)
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using NiCl2(dppe)/dppe as catalyst to produce the corresponding biphenyl-4-methyl
esters (5) in 65-75 % yield after column chromatography. It is expected that 4-methoxyand 3,5-dimethoxy-1-brombenzene (4a,c) will also be compatible with this approach.55-56
The branched biphenyl-4-methyl esters were reduced to their corresponding alcohols (6)
with LiAlH4 in 90-95 % yield. Reoxidation to the aldehyde (7) followed by Knoevenagel
condensation with malonic acid gave the branched 4-phenylcinnamic acids (8) in 95-100
% yield over two-steps. Hydrogenation at atmospheric pressure over Pd/C followed by
esterification in acidic methanol furnished the BpPr dendritic building blocks 10b,d in
87-94 % yield over two steps. This strategy involves 9 steps and is not suitable for the
expeditious synthesis of BpPr dendrons. Nevertheless, the 9 steps, three-component
approach from Scheme provides maximum flexibility for the modular synthesis of
analogous BpPr dendrons through the selection of diversely substituted aryl boronic
acids, aryl halides or via Michael addition to the -unsaturated ester derived from
Knoevenagel condensation (Scheme 2.5).
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Scheme 4.1 - The Nine Steps, Three Component Synthesis of BpPr Dendritic Building
Blocksa

A more rapid approach to the synthesis of BpPr dendritic building blocks relies
on commercially available hydrocinnamic acid (11) as a C6C3 skeleton for the right-hand
piece of the BpPr building block (Scheme 4.1 middle, and Scheme 4.2). Hydrocinnamic
acid (11) was directly para-iodinated with I2 in the presence of periodic acid to give 4iodohydrocinnamic acid (12) in 59 % yield after recrystallization.65 Refluxing 12 in
acidic methanol provided methyl 4-iodohydrocinnamate (13) in nearly quantitative yield
(99 %).66 4-Methoxy and 3,4-dimethoxy-1-bromobenzene (4a,b) were prepared from
anisole and veratrole in 94 % and 97 % yield, respectively, via treatment with
NH4Br/H2O2 in CH3COOH.67 3,5-Dimethoxy-1-bromobenzene was purchased from
commercial sources. 2,6-Dimethoxyphenol was deprotonated with NaH in a mixture of
CHCl3 and MeOH and brominated with N-bromosuccinimide (NBS),68 followed by
methylation with Me2SO4 in acetone to produce 3,4,5-trimethoxy-1-bromobenzene (58
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%). 4-Methoxy-, 3,4-dimethoxy-, 3,5-dimethoxy-, or 3,4,5-trimethoxyphenyl-1-boronic
acids (14a,b,c,d) were prepared from the corresponding aryl bromides in 65-97 % yield
via aryl Grignard or lithium approaches. The synthesis of 3,5-dimethoxyphenyl-1boronic acid resulted in the lowest yield (65 %), while the highest yield (97 %) was
obtained

for

the

synthesis

of

4-methoxyphenyl-1-boronic

acid.

Methyl

4-

iodohydrocinnamate was employed in an efficient and cost-effective NiCl2(dppe)catalyzed Suzuki cross-coupling with boronic acids 14a,b,c,d in 72-88 % yield. Crosscoupling of 13 with 14a was accomplished with 10 mol % NiCl2(dppe) and 20 mol %
PPh3 co-ligand.60 Higher yields for the cross-coupling of 13 with 14b or 14c was
achieved using 10 mol% dppe as co-ligand. The use of this bidendate dppe co-ligand
inhibited aryl-aryl transfer with the ligand. The four steps, two-component approach to
the synthesis of BpPr dendritic building blocks from Scheme is more rapid than the 9
steps, three-component approach from Scheme, but is restricted to accessible 4halocinnamates and branched boronic acids and thus limits the diversity of analogs that
can be prepared.
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Scheme 4.2 - The Improved 4 Steps Synthesis of BpPr Dendritic Building Blocksa

The preparation of four different branched boronic acids was a synthetic
bottleneck. Thus, a more expeditious route to the synthesis of BpPr building blocks
would involve the cross-coupling of a single hydrocinnamate derived boronic acid or
ester with methoxy-substituted aryl halides (Figure 4.1, bottom). Traditional approaches
to the synthesis of boronic acids and esters employ hard metallation conditions which are
not tolerated by sensitive electrophillic functionalities, such as the ester in methyl 4iodohydrocinnamate. Recently, we elaborated an efficient and mild Ni-catalyzed
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neopentylglycolborylation66, 69 of aryl bromides and iodides and sequential Ni-catalyzed66
or complementary Pd-catalyzed cross-coupling.69 Treatment of 13 with 2.0 equivalents of
in situ prepared neopentylglycolborane (5,5-dimethyl-1,3,2-dioxaborinane) in the
presence of 2 mol % Ni(dppp)Cl2, 2 mol % dppp co-ligand, and 3.0 equivalents of Et3N,
provided arylneopentylglycolboronate ester 15 in 94 % yield after column
chromatography (Scheme 4.3, top). Pd(dppf)Cl2-catalyzed Suzuki cross-coupling of 15
with 4a,b,c,d provided BpPr building blocks in 92-94 % yield after column
chromatography. Alternatively, 15 was transesterified with diethanolamine and
selectively hydrolyzed to the boronic acid 16, leaving the sensitive methyl ester intact
(Scheme 4.3, bottom).70 Ni(dppe)Cl2-catalyzed cross-coupling of 18 with aryl bromides
4a,b,c,d provided BpPr building blocks in 77-89 % yield with no evidence of aryl-aryl
transfer side reactions. The sequential Ni-catalyzed or complementary Ni/Pd-catalyzed
synthesis are the most rapid for the preparation of BpPr dendritic building blocks as they
rely on a single conserved boronic acid that can be coupled with a diversity of
commercially available arylbromides.
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Scheme 4.3 - Expeditious 4 and 5 Steps Synthesis of BpPr Building Blocks Utilizing
One Boronic Acida

4.2.2 Synthesis of First-Generation Dendrons. The synthesis of first (Scheme 4.4) and
higher (Scheme 4.5) generation dendrons follows an iterative strategy adapted from
methods employed for phenylpropyl ether dendrons (Scheme 2.5).55 BpPr building
blocks were converted from their methoxy-protected 10a,b,c,d to their hydroxysubstituted derivates 17a,b,c,d via hydrolysis with 48% HBr in refluxing CH3COOH,
followed be re-esterification in acidic methanol (87-94 % yield over two steps). 17a,b,d
were O-alkylated with 1-bromododecane in DMF using K2CO3 (95-97 % yield). Unlike
benzyl or phenylpropyl analogues, the phenolates of the BpPr building blocks are not
prone to oxidation and do not require thorough degassing. Reduction of 18a,b,d with
LiAlH4 in THF produced alcohols 19a,b,d (85-98 % yield), which could be converted to
the corresponding bromides 20a,b,d (94-99 % yield) by treatment with PPh3 followed by
NBS in THF.71 O-alkylation of 20a onto 17b or 17d produced first generation dendrons
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(4BpPr-3,4BpPr)12G1-CO2CH3 (22a) and (4BpPr-3,4,5BpPr)12G1-CO2CH3 (21a), in 93
% and 73 % yield respectively. Repeated reduction and bromination provided the
corresponding dendritic alcohols (21b and 22b) in 86-87 % yield, and the dendritic
bromides (21c and 22c) in 75-92 % yield.

Scheme 4.4 - Synthesis of First Generation Dendronsa

4.2.3. Synthesis of Higher-Generation Dendrons. O-alkylation of generation one
dendritic bromides 20b, 20d, 21c, and 22c onto 17b, 17c, and 17d (Scheme 4.5) provided
three libraries of higher-generation constitutionally isomeric 3,4- and 3,5-disubstituted
152

AB2 and 3,4,5-trisubstituted AB3 dendrons, respectively. Four new dendrons possessing –
CO2CH3 apex functionality were produced in each library at each generation. Reduction
of the –CO2CH3 apex group to –CH2OH followed by bromination provided 8 additional
dendrons per generation per library. This iterative sequence of reactions was employed to
synthesize dendrons up to the third generation. All dendrons in these generational
libraries are composed of a generation one periphery group and a repeated interior 3,4-,
3,5-, or 3,4,5- branched building block. Each successive generation contains a further
repetition of this interior building block.
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Scheme 4.5 - Synthesis of Higher-Generation Dendronsa
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4.2.4 Structural and Retrostructural Analysis. Structural and retrostructural analysis
of the supramolecular dendrimers from the AB3 and the two AB2 libraries involved a
variety of complementary techniques.

1

H and

13

C NMR, MALDI-TOF, and gel

permeation chromatography (GPC) were employed to confirm the identity and purity of
the dendrons. Differential scanning calorimetry (DSC), thermal optical polarized
microscopy (TOPM), experimental density (20), small- and wide- X-ray diffraction
(XRD) experiments performed as a function of temperature on powder and oriented
fibers, and computer modeling and XRD simulation allowed for phase identification and
assignment, assessment of thermal transitions and corresponding enthalpies, and the
determination of dimensions and features of the supramolecular objects self-organized
into various lattices. Scheme 4.6 outlines the concept of structural and retrostructural
analysis of the periodic lattices and quasi-periodic arrays formed from supramolecular
dendrimers and dendronized polymers. All experimental details, analytical results,
calculations and simulation methodologies are available in the Experimental Section. The
structural and retrostructural analysis was performed on supramolecular dendrimers selfassembled from dendrons containing -CO2CH3 and -CH2OH apex functionality.
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Scheme4.6 - Retrostructural analysis of 2D Lam(k), p2mm simple rectangular columnar
r-s, c2mm centered rectangular columnar (r-c), and hexagonal columnar (h) and of the
3D I a3d bicontinuous cubic, 12-fold quasi-liquid crystal (QLC), P m 3n Cubic (Cub),
P42/mnm tetragonal (Tet), and Im 3m cubic lattices and quasiperiodic arrays

Figure 4.2, 4.3 and 4.4 depict results obtained from small-angle x-ray scattering
(SAXS), including the type of lattice formed, the diameter (D) of the supramolecular
sphere or supramolecular column, the projection of the solid angle (’)16 of the dendron,
and the numbers of dendrons () forming a supramolecular sphere or a 4.7 Å19, 21 stratum
of the supramolecular column. It is notable that all dendrons regardless of generation
number or apex functionality self-assemble into supramolecular dendrimers that selforganize in various arrays (Tables 4.1 – 4.3, Supporting Information Figures SF1-SF13
and SF16-SF21, Supporting Information Tables 4.ST1-4.ST3, 4.ST5-4.ST7, and 4.ST94.ST11). In the supporting information the retrostructural analysis of bilayer lamellar
crystals (Lam(k,

bilayer))

observed only at low temperature in the as prepared state are

reported. These structures are not included in Figure, 3 and 4 as these structures are not
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reformed on subsequent cooling and reheating cycles, which additionally makes
discrimination between 1D or higher dimensional tenuous.

4.2.5 Structural and Retrostructural Analysis of the AB3 Library of Supramolecular
Dendrimers. The first generation dendrons forming the periphery of all libraries
including the AB3 library are (3,4,5BpPr)12G1-X, (3,4BpPr)12G1-X, (4BpPr3,4,5BpPr)12G1-X, and (4BpPr-3,4BpPr)12G1-X. Subsequent generations consist of
repetition of an identical branching unit, for example 3,4,5BpPr in the case of the AB3
library. Libraries will be discussed from generation one upward. As demonstrated in
previous studies,14, 19, 21, 72 increasing the generation number results in a change of the
molecular taper angle (’) and typically a transition from smectic to columnar and to
spherical self-assembly in that order. Increasing generation number does not increase
substantially the diameter of the supramolecular dendrimer (D), but mostly reduces the
number of dendrons () required to form a supramolecular sphere or the cross section of
a supramolecular column. Deviations from this pattern usually indicated hollow
structures or novel mechanisms of self-assembly. For comparison updated figures
containing the retrostructural analysis of benzyl ether (Figures 2.24 - 2.26), phenyl propyl
ether (Figures 2.28 – 2.30), and biphenyl 4-methyl ether supramolecular dendrimers
(Figures 2.32 – 2.33) have been provided in Chapter 2.
For benzyl-13-21 and biphenyl-4-methyl ether56 libraries many generation one
dendrons do not self-assemble. All phenylpropyl ether dendrons self-assemble,55 but
many of their phase transitions occurred below room temperature. BpPr dendrons
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combine the advantage of pervasive self-assembly found for Pr dendrons with the higher
phase transition temperatures provided by the Bp unit. Therefore, the first generation
BpPr dendrons self-organize in Lam(k), S, r-s, r-c, and h structures. The absence of
spherical structures in generation one dendrons is in agreement with the generation one
dendrons from the phenylpropyl ether library and is consistent with the few examples of
benzyl ether and biphenyl-4-methyl ether dendron that do self-assemble. Only the first
generation dendrons (3,4,5BpPr)12G1-CO2CH3 and (3,4BpPr)12G1-X do not exhibit a
columnar phase forming exclusively Lam(k,

bilayer)

structures. Additionally, (4BpPr-

3,4,5BpPr)12G1-CO2CH3 exhibits a lamellar crystalline phase with large layer-spacing
that cannot be explained by a bilayer structure. As will be discussed in a later section, a
new tetralayer lamellar crystalline model (Lam(k, tetralayer)) was proposed.
Self-assembling dendrons that generate columnar assemblies are of interest for
the design of electronic, 41-43 transport, 44-50 and mechanical52-53 functions. Fortuitously,
like their phenylpropyl ether counterparts, AB3 BpPr, as well as 3,4-disubstituted AB2,
dendrons exhibit more columnar structures than the corresponding library of benzyl ether
dendrons which almost exclusively form spherical supramolecular dendrimers selforganized in Cub lattices. Nevertheless, the AB3 library exhibits more spherical
structures than the 3,5-disubstituted AB2 library.
As observed in previous libraries, (3,4,5BpPr)n12Gn-X and (3,4BpPr(3,4,5BpPr)n-1)12Gn-X self-assemble into lamellar and columnar structures at generation
one and into spherical structures self-organized in Cub lattices for generations two and
three. The dimensions of the supramolecular spheres do not increase dramatically from
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generation two to three. In fact, (3,4,5BpPr)312G3-X self-organizes into supramolecular
spheres that have considerably smaller diameter than the spheres formed from any of the
other BpPr dendrons of equivalent molecular dimensions. This result cannot be explained
via self-assembly of dendrons in a conical conformation.13 In a later section, this finding
will be explained by an alternative supramolecular spherical dendrimer assembled from
spherically distorted short helical pyramidal columns as was previously demonstrated in
the self-assembly of dendritic crowns.39,

73

It should be noted that the benzyl ether

dendron (3,4-(3,4,5)2)12G3-CH2OH and phenylpropyl ether dendron (3,4,5Pr)212G2CH2OH were found to form QLC arrays. The absence of the QLC phase in the BpPr
series may be indicative of slower self-assembly dynamics of the biphenyl-based building
block. For biphenyl 4-methyl ether dendrons (3,4,5Bp)212G2-X, self-organization into
r-s and h lattices were observed in addition to spherical supramolecular dendrimers.
The absence of columnar phases for (3,4,5BpPr)212G2-X could be due to the decrease in
molecular taper angle induced by a longer dendritic building block.18 For (4BpPr(3,4,5BpPr)n)12Gn-X, only Lam(k) and columnar structures in the first generation and
exclusively columnar structures in the second generation were found. Upon increasing
generation

from

(4BpPr-3,4,5BpPr)12G1-CO2CH3

to

(4BpPr-(3,4,5BpPr)2)12G2-

CO2CH3 there is a significant increase in the columnar diameter. For benzyl ether and
phenylpropyl ether dendrons of similar primary structure only columnar structures were
observed at the first generation. At the second generation, columnar structures were
found in both libraries, as well as a spherical QLC array for (4-(3,4,5)2)12G2-CO2H and a
Cub lattice for (4Pr-(3,4,5Pr)2)12G2-CH2OH/COOH. It is not clear why (4BpPr159

(3,4,5BpPr)n)12Gn-X does not assemble in any spherical structures. For (4BpPr(3,4BpPr)n)12G2-X columnar structures are observed for generation one, and columnar
and spherical structures are observed for generation two. This behavior is identical to
phenylpropyl ether dendrons of similar primary structure, while analogous benzyl ether
dendrons only form spherical Cub lattices for generation two and three. The h lattice
formed by (4BpPr-3,4BpP-3,4,5BpPr)12G2-CH2OH is significantly larger than those
formed by (4BpPr-3,4BpPr)12G1-CO2CH3. As will be discussed in a later section, this
deviation is explained in part by the fact that (4BpPr-3,4BpP-3,4,5BpPr)12G2-CH2OH
has a notable hollow center to the supramolecular column.
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Figure 4.2 - Structural and retrostructural analysis of supramolecular dendrimers selfassembled from AB3 3,4,5-trisubstituted dendrons.
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Table 4.1 - Thermal Transitions, Enthalpy Changes, and Phases Exhibited
Supramolecular Dendrimers Generated by the Library of 3,4,5-Trisubstituted SelfAssembling Dendrons

Thermal transitions (ºC) and corresponding enthalpy changes (kcal/mol)a
Heating
cooling
Lam(k, bilayer) 12 (-6.19) Lam(k, bilayer) 34 (22.25) i i 6 (13.48) Lam(k, bilayer)
Lam(k, bilayer) 12 (-6.38) Lam(k, bilayer )34 (22.48) i
(3,4,5BpPr)12G1-CH2OH
Lam(k, bilayer) 45 (15.31) i
i 23 (10.82) r-s 18 (0.46) r-sk
r-sk 30 (1.55) r-s 45 (15.34) i
Cub (k) 8 (2.47) Cub 35 (2.47) i
(3,4,5BpPr)212G2-CO2CH3
i 32 (3.00) Cub -8 (3.32) Cub (k)
Cub (k) 8 (2.28) Cub 35 (2.65) i
(3,4,5BpPr)212G2-CH2OH
Cub (k) -6 Cub 77 (2.02) i
i 73 (2.29) Cub -19 (1.72) Cub (k)
Cub (k) -6 Cub 76 (3.12) i
3
Cub (k) -10 (11.89) Cub 83 (0.40) i
(3,4,5BpPr) 12G3-CO2CH3
i 73 (2.29) Cub -18 (10.05) Cub (k)
Cub (k) -11 (11.21) Cub 76 (0.48) i
Cub (k) -11 (16.59) Cub 94 (1.01) i
(3,4,5BpPr)312G3-CH2OH
i -18 (17.89) Cub 97 (0.8)
Cub (k) -11 (17.89) Cub 94 (0.0) i
Cub (k) 60 (16.52) 61(1.77) Cub 101 (7.51) i
i 100 (8.30) Cub 16 (4.22) Cub (k)
(3,4BpPr-3,4,5BpPr)12G2-CO2CH3
Cub (k) 39 (-6.72) 58 (6.06) Cub 101 (7.53) i
Cub (k) 67 (15.29) Cub 129 (7.18) i
(3,4BpPr-3,4,5BpPr)12G2-CH2OH
i 128 (7.52) Cub 60 Cub (g)
Cub (g) 65 (0.66) Cub 129 (7.18)
2
Cub (k) 63 (17.26) Cub 156 (12.05) i
(3,4BpPr-(3,4,5BpPr) )12G3-CO2CH3
i 154 (8.33) Cub 63 Cub (g)
Cub (g) 63 Cub 156 (12.59) i
(3,4BpPr-(3,4,5BpPr)2)12G3-CH2OH
Cub (k) 67 (48.89) Cub 169 (16.14) i
i 168 (16.70) Cub 66 Cub (g)
Cub(g) 66 Cub 169 (15.86) i
i 125 (4.04) S(bilayer) 114 (15.49)
(4BpPr-3,4,5BpPr)12G1-CO2CH3
r-c 90 (1.83) Lam(k,tetralayer) 132 (20.73) i
Lam(k, tetralayer)
Lam(k, tetralayer) 132 (20.26) i
(4BpPr-3,4,5BpPr)12G1-CH2OH
Lam(k, bilayer) 94 (4.81) h io 111 (9.56) h 146 i 145 (6.71) h 92 (9.86) h
(6.74) i
hio 112 (10.02) h 146 (6.78) i
(4BpPr-(3,4,5BpPr)2)12G2-CO2CH3
r-ck 55 (49.78) r-c 82 (15.46) h 131 (0.73) i i 122 (0.06) h 70 (23.38) r-c
r-c 30 (-32.05) r-ck 55 (36.54) r-c 83 (14.91)
h 130 (0.04) i
(4BpPr-(3,4,5BpPr)2)12G2-CH2OH
r-ck 89 (29.8) h 125 (0.1) i
i 124 (0.1) h 81 (14.8) r-c
r-c 81 (14.8) h 125 (0.1) i
i 240 (20.34) Cub Cub(g) 57 (6.32) Cub
(4BpPr-3,4BpPr-3,4,5BpPr)12G2-CO2CH3 Cub (k) 77 (21.75) Cub 243 (16.94) i
Cub (k) 71 (6.76) Cub (g) Cub 244 (13.83) i
(k)
(4BpPr-3,4BpPr-3,4,5BpPr)12G2-CH2OH hio 61 (2.89) h 180 Cub 248 (16.59) i
i 238 (7.73) Cub 180 h 50 (1.21) hio
hio 70 (0.80) h 180 Cub 248 (9.24) i
Dendron
(3,4,5BpPr)12G1-CO2CH3

a
Thermal transitions (ºC) and enthalpy changes (kcal/mol) were determined by DSC (10 ºC/min), data from the first
heating and cooling scans are on the first line, and the data from the second heating are on the second line; S(bilayer) =
smectic bilayer lattice; Lam(k,bilayer) = lamellar crystal with two layer repeat; Lam(k,tetralayer) = banana-like lamellar crystal
with four layer repeat; r-c = c2mm centered rectangular columnar lattice; r-ck = crystalline c2mm centered
rectangular columnar lattice; h = p6mm hexagonal columnar lattice; hio = hexagonal columnar lattice with internal
order; Cub =
cubic lattice; Cub(k) = crystalline
cubic lattice; Cub(g) = glassy
cubic lattice; i =
isotropic.

4.2.6 Structural and Retrostructural Analysis of the 3,4-Disubstituted Library of
AB2 Supramolecular Dendrimers. The design principles and the structures of the first
generation dendrons in this library are equivalent to those in the AB3 library. In previous
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libraries19, 55-56 and replicated with BpPr series of dendrons, the AB3 and 3,4-disubstituted
AB2 libraries were found to be very similar. Not only does the 3,4-disubstituted AB2
library of BpPr exhibit a similar ratio of spherical to columnar structures as the AB3
library, but non-cubic self-organization of spherical supramolecular dendrimers is also
suppressed. As in the AB3 library, BpPr dendrons exhibit slightly more spherical
structures than the corresponding biphenyl-4-methyl ether library, but less than the
phenylpropyl and benzyl ether libraries.
Like all previously reported libraries, (3,4,5BpPr-(3,4BpPr)n-1)12Gn-X selfassemble exclusively into spherical supramolecular dendrimers at generation two and
three, while Lam(k,

bilayer)

and r-s structures are observed for generation one. All

supramolecular spheres self-organize into Cub lattices and the diameter of
supramolecular spheres do not increase dramatically from generation two to three. For
the phenylpropyl ether dendrons (3,4,5Pr-3,4Pr)12G2-CH2OH and (3,4,5Pr-3,4Pr)12G2CO2H self-organize into a QLC array and a Tet lattice, respectively. As for the AB3
library, the absence of these phases may be evidence of slower self-assembly dynamics
for BpPr dendrons. Like the phenylpropyl ether dendrons of similar primary structure,
(3,4BpPr)n12Gn-X self-organizes into Lam(k, bilayer) phases at generation one, both r-c and
Cub lattices for generation two and only Cub lattices at generation three. For analogous
benzyl ether and biphenyl-4-methyl ether dendrons, only Cub lattices were observed for
generation two and three. (4BpPr-3,4,5BpPr)12G1-X self-organize into Lam(k, bilayer) and
columnar structures, while (4BpPr-3,4,5BpPr-3,4BpPr)12G2-X exhibits columnar and
Cub structures. The corresponding generation two benzyl- and phenylpropyl ether
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dendrons only form spherical structures. The persistence of columnar structures in the
present case is not readily explained, but is welcomed considering their synthetic utility.
(4BpPr-(3,4BpPr)2)12G2-X self-organizes into both columnar and spherical structures.
This is identical to what was observed for phenylpropyl ether dendrons, while similar
benzyl ether dendrons exclusively self-organized into Cub lattices while biphenyl-methyl
ether dendrons only into r-s assemblies. The h and Cub phase generated by (4BpPr(3,4BpPr)2)12G2-X are larger than the expected 90-100 Å diameters and in later sections
this is explained through hollow columnar and hollow spherical models. For (4BpPr(3,4BpPr)2)12G2-CO2CH3 an experimental spherical diameter of ~140 Å was observed.
The corresponding dendritic alcohol (4BpPr-(3,4BpPr)2)12G2-CH2OH self-assembles
into smaller supramolecular spheres, ~128 Å in diameter, due to H-bonding interactions
between neighboring apex groups which destabilize and diminish the hollow center. That
(4BpPr-(3,4BpPr)2)12G2-CO2CH3 forms both hollow columns and hollow spheres
suggests similar design principles for both supramolecular architectures.
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Figure 4.3 - Structural and retrostructural analysis of supramolecular dendrimers selfassembled from AB2 3,4-disubstituted dendrons.

165

Table 4.2 - Thermal Transitions, Enthalpy Changes, and Phases Exhibited by
Supramolecular Dendrimers Generate from the Library of Self-Assembling 3,4Disubstituted Dendrons
Dendron
(3,4,5BpPr-3,4BpPr)12G2-CO2CH3
(3,4,5BpPr-3,4BpPr)12G2-CH2OH
(3,4,5BpPr-(3,4BpPr)2)12G3-CO2CH3
(3,4,5BpPr-(3,4BpPr)2)12G3-CH2OH
(3,4BpPr)12G1-CO2CH3
(3,4BpPr)12G1-CH2OH
(3,4BpPr)212G2-CO2CH3
(3,4BpPr)212G2-CH2OH
(3,4BpPr)312G3-CO2CH3
(3,4BpPr)312G3-CH2OH
(4BpPr-3,4,5BpPr-3,4BpPr)12G2-CO2CH3

(4BpPr-3,4,5BpPr-3,4BpPr)12G2-CH2OH
(4BpPr-3,4BpPr)12G1-CO2CH3

(4BpPr-3,4BpPr)12G1-CH2OH
(4BpPr-(3,4BpPr)2)12G2-CO2CH3
(4BpPr-(3,4BpPr)2)12G2-CH2OH

Thermal transitions (ºC) and corresponding enthalpy changes (kcal/mol)a
heating
cooling
Cub (k) 11 (3.69) Cub 58 (5.61) i
i 56 (5.78) Cub
Cub 58 (5.72) i
Cub (k) 10 (1.26) Cub 92 (3.87) i
i 91 (3.88) Cub
Cub 92 (3.71) i
Cub 121 (5.52) i
i 117 (6.40) Cub
Cub 121 (5.91) i
Cub 133 (2.88) i
i 129 (2.90) Cub
Cub 133 (2.63) i
Lam(k, bilayer) 75 (16.74) i
i 62 (15.88) Lam(k, bilayer)
Lam(k, bilayer) 74 (16.90) i
Lam(k, bilayer) 86 (18.47) i
i 78 (18.46) Lam(k, bilayer)
Lam(k, bilayer) 86 (18.61) i
r-ck 50 (2.86) r-c 85 (10.01) Cub 123 (7.50) i
i 121 (7.57) Cub 32 (4.62) r-ck
r-ck 46 (0.31) r-c 83 (4.12) Cub 121 (7.57) i
Lam(k, bilayer) 47 (6.04) r-c io 74 (2.63) Cub 149 i 147 (18.43) Cub 29 (4.73)
(18.13) i
r-c io
r-c io 41 (3.80) Cub 149 (17.84) i
Cub 185 (14.36) i
i 184 (14.25) Cub
Cub 185 (14.22) i
Cub 196 (12.74) i
i 195 (13.81) Cub
Cub 196 (13.17) i
Lam(k, bilayer) 136 (12.22) r-sk 145 (5.11) Cub 172 i 171 (12.67) Cub 87 (13.02)
Cub(k)
(12.56) i
Cub(k) 100 (-10.65) r-sk 136 (14.58) Cub 172
(12.49) i
Lam(k, bilayer) 106 (15.05) x 127 (7.79) Cub 188 i 186 (14.15) Cub 95 (11.11)
(13.25) i
x + Cub(k)
x + Cub(k) 128 (5.51) Cub 188 (13.91) i
Lam(k, bilayer) 69 (0.71) 91 (-3.50) r-ck1 112 i 177 (4.95) h 84 (7.79) r-ck2
(10.15) h 179 (4.14) i
r-ck2 69 (0.68) 91 (-3.79) r-ck1 110 (10.23) h
179 (4.50) i
Lam(k, bilayer) 115 (14.21) r-c 187 (8.14) i
i 185 (8.71) r-c 96 (8.79) r-cio
r-cio 111 (7.38) r-c 187 (8.09) i
Lam(k, bilayer) 94 (3.25) hio 137 (0.09) Cub 242 i 241 (2.66) Cub 57 (1.19) Cub
(2.50) i
(k)
Cub (k) 70 (1.31) Cub 242 (2.45) i
Lam(k, bilayer) 57 (0.58) hio 103 (0.02) Cub 255 i 248 (1.81) Cub 55 (0.32)
Cub (k)
(1.65) i
Cub (k) 67 (0.38) Cub 255 (1.64) i

a
Thermal transitions (ºC) and enthalpy changes (kcal/mol) were determined by DSC (10 ºC/min), data from the first
heating and cooling scans are on the first line, and the data from the second heating are on the second line; Lam(k,bilayer)
= lamellar crystal with two layer repeat; X = unknown columnar lattice; r-c = c2mm centered rectangular columnar

lattice; r-ck = crystal c2mm centered rectangular columnar lattice; r-cio = rectangular columnar lattice with internal
order; r-sk = crystal p2mm simple rectangular columnar lattice; h = p6mm hexagonal columnar lattice; hio =
hexagonal columnar lattice with internal order; Cub(k) = crystal
cubic lattice; Cub =
cubic lattice; i =
isotropic.
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4.2.7 Structural and Retrostructural Analysis of the 3,5-Disubstituted Library of
AB2 Supramolecular Dendrimers. The design principles and the structures of the first
generation dendrons in this library are equivalent to those in the AB3 library. The most
striking feature of the 3,5-disubstituted library of AB2 BpPr dendrons is that it contains
the greatest diversity of self-organized lattices and the smallest number of
supramolecular spheres. Examples of Lam(k), S, h, r-s, r-c, Cub, Tet, and QLC lattices
and arrays are present. This is the constitutionally isomer library of the corresponding
3,4-disubstituted AB2 library of dendrons. Therefore, this library is expected to selfassemble in different supramolecular structures than its 3,4-constitutionally isomeric
library. When similar structures are observed, their mechanisms of self assembly must be
different. In AB3 and 3,4-disubstitued AB2 libraries a higher than expected number of
columnar structures were observed. Consistent with the constitutional isomerism of the
library of 3,5-disubstituted library of AB2 BpPr dendrons, this trend is reversed and more
spherical structures are present than in any previous 3,5-disubstituted library.19, 55-56
(3,4,5BpPr-(3,5BpPr)n-1)12Gn-X forms Lam(k,

bilayer)

and r-s structures at

generation one, r-c for the generation two ester and a Tet lattice composed of spherical
supramolecular dendrimers for the generation two alcohol. At generation three only
spherical supramolecular dendrimers that self-organize into an unknown cubic lattice for
the ester and a Tet lattice for the alcohol were observed. For the phenylpropyl ether
dendrons (3,4,5Pr-(3,5Pr)n-1)12Gn-X, the transitions from columnar to Tet lattices did not
occur until generation three. A QLC array was observed for (3,4,5-(3,5)2)12G3-CH2OH,
but is not present for (3,4,5BpPr-(3,5BpPr)2)12G3-X. For (3,4BpPr-(3,5BpPr)n)12Gn-X,
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only Lam(k, bilayer) structures were found for generation one and the generation two ester,
though h and a monotropic QLC phase upon slow cooling (Supporting Information
Figure SF13) were observed for the generation two alcohol. For (3,4BpPr(3,5BpPr)2)12G2-X a h lattice is observed for the ester and the corresponding alcohol
self-organizes into a Cub lattice. The columnar and spherical structures do not differ
dramatically in dimensions from generation two to three. This behavior is similar to the
corresponding biphenyl-4-methyl ether dendrons wherein h structures were observed
for the generation two and three esters, and a Cub lattice was found for the generation
two alcohol. Benzyl and phenylpropyl ether dendrons of similar primary structure selforganize exclusively into columnar lattices. The appearance of spherical self-assembly at
generation two and three for (3,4BpPr-(3,5BpPr)n)12Gn-X, may be due in part the
increased length of the BpPr building block which decreases the molecular taper angle.
Like all previously reported libraries (4BpPr-3,4,5BpPr-3,4BpPr)12Gn-X and its
generation one precursor (4BpPr-3,4,5BpPr)12G1-X form only smectic and columnar
structures.
In previous libraries, new self-assembly mechanisms were discovered via
unexpected differences in supramolecular size and shape with increased generation
number. Increased supramolecular diameter at higher generation has been used to
identify self-assembly into structure with a hollow center,40 while a reversal in the order
of the columnar and spherical self-assembly indicated new mechanisms of column
formation such as dendron backfolding (Figure 2.36).54 Here, the discovery of a new
mechanism of self-assembly was signaled by unexpected similarities between
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constitutionally isomeric dendrons. (4BpPr-(3,4BpPr)2)12G2-CO2CH3 and (4BpPr3,4BpPr-3,5BpPr)12G2-CO2CH3 both large supramolecular spherical dendrimers that
self-organize into a Cub lattice. In the benzyl and phenylpropyl ether libraries the
primary structure (4-3,4-3,5) results in only columnar structures and has been used
extensively in the construction of functional porous columnar materials.

44-50

As

expected (4BpPr-3,4BpPr-3,5BpPr)12G2-X forms a columnar structure at room
temperature. However, at higher temperature (4BpPr-3,4BpPr-3,5BpPr)12G2-CO2CH3
transforms from a r-c to a Cub lattice like its constitutional isomer (4BpPr(3,4BpPr)2)12G2-CO2CH3. This anomalous finding, which was also noted in the
corresponding biphenyl-4-methyl ether library, led to the discovery of the most
significant new phase elucidated through the synthesis of BpPr dendrons. (4BpPr3,4BpPr-3,5BpPr)12G2-CO2CH3

self-assembles

into

spherical

supramolecular

dendrimers with experimental diameters of 171.2 Å. As will be discussed in a later
section, the experimental spherical diameter is far too large to be explained by a hollow
central cavity and suggests a novel interdigitated vesicular form of spherical selfassembly.
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Figure 4.4 - Structural and retrostructural analysis of supramolecular dendrimers selfassembled from AB2 3,5-disubstituted dendrons.
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Table 4.3. Thermal Transitions, Enthalpy Changes, and Phases Exhibited by
Supramolecular Dendrimers Generated by the Library of 3,5-Disubstituted SelfAssembling Dendrons
Thermal transitions (ºC) and the corresponding enthalpy changes (kcal/mol)a
heating
cooling
r-ck 9 (8.57) r-c 25 (4.43) i
i -1 (7.49) r-ck
r-ck 9 (8.46) r-c 23 (2.66) i
(3,4,5BpPr-3,5BpPr)12G2-CH2OH
Tet 44 (1.32) i
i 40 (1.22) Tet
Tet 43 (1.46) i
Cub (x) -3 (6.96) i
(3,4,5BpPr-(3,5BpPr)2)12G3-CO2CH3
i -17 (6.11) Cub (x)
Cub (x) -2 (6.83) i
(3,4,5BpPr-(3,5BpPr)2)12G3-CH2OH
Tet (k) -2 (3.64) Tet 38 (0.17) i
i 36 (0.23) Tet -17 (2.64) Tet (k)
Tet (k) -2 (4.62) Tet 38 (0.18) i
(3,4BpPr-3,5BpPr)12G2-CO2CH3
Lam(k, bilayer) 91 (11.11) Lam(k, bilayer) 95 i 48 (30.3) Lam(k, bilayer)
(24.58) i
Lam(k, bilayer) 15 (2.14) Lam(k, bilayer) 52 (-7.01)
Lam(k, bilayer) 92 (33.1) i
(3,4BpPr-3,5BpPr)12G2-CH2OH
Lam(k, bilayer) 55 (9.49) h 74 (3.41) i
i 73 (3.61) h 33 (4.86) hio
io
h 50 (5.45) h 74 (3.44) i
(3,4BpPr-(3,5BpPr)2)12G3-CO2CH3
hio 57 (27.75) i
i 55 (6.97) hio
io
h 57 (8.83) i
Lam(k, bilayer) 62 (38.83) Cub 77 (7.63) i
i 75 (7.68) Cub
(3,4BpPr-(3,5BpPr)2)12G3-CH2OH
Cub 77 (8.10) i
(4BpPr-3,4,5BpPr-3,5BpPr)12G2-CO2CH3 Lam(k, bilayer) 98 (25.98) h 152 (11.18) i
i 150 (11.21) h 88 (18.56)
Lam(k, bilayer)
Lam(k, bilayer) 94 (17.43) h 152 (11.27) i
(4BpPr-3,4,5BpPr-3,5BpPr)12G2-CH2OH Lam(k, bilayer) 96 (29.11) h 162 (13.01) i
i 161 (13.55) h 87 (9.88) r-cio
r-cio 87 (9.88) h 162 (13.66) i
(4BpPr-3,4BpPr-3,5BpPr)12G2-CO2CH3 Lam(k, bilayer) 94 (2.47) r-cio 140 (14.56) Cub i 194 (13.18) Cub 63 (8.89) r-cio
195 (10.57) i
r-cio96 (-11.06) r-cio 141 (13.19) Cub
195 (9.71) i
(4BpPr-3,4BpPr-3,5BpPr)12G2-CH2OH
Lam(k, bilayer) 94 (21.53) r-c 201 (12.83) i
i 203 (14.14) r-c 88 (3.71) r-cio
io
r-c 88 (3.71) r-c 203 (14.22) i
Dendron
(3,4,5BpPr-3,5BpPr)12G2-CO2CH3

a

Thermal transitions (ºC) and enthalpy changes (kcal/mol) were determined by DSC (10 ºC/min), data from the first
heating and cooling scans are on the first line, and the data from the second heating are on the second line; Lam(k,bilayer)
= lamellar crystal with two layer repeat; r-s = p2mm simple rectangular columnar lattice; r-c = c2mm centered
rectangular columnar lattice; r-ck = crystal c2mm centered rectangular columnar lattice; h = p6mm hexagonal
columnar lattice; hio = hexagonal columnar lattice with internal order; Tet = P42 / mnm tetragonal lattice; Tet(k) =
crystal P42 / mnm tetragonal lattice; Cub =
cubic lattice; X = unknown lattice ; i = isotropic.

4.2.8. Banana-like Lamellar Crystal with Four-Layer Repeat. Many generation one
BpPr dendrons form lamellar phases. In most cases, such as (3,4BpPr)12G1-CO2CH3, the
d-spacings were consistent with the dimensions of a dendron bilayer assuming ~30 %
compression74 of aliphatic domains, interdigitation, or tilt to the dendron.
(3,4,5BpPr)12G1-CH2OH has similar molecular dimensions as (3,4BpPr)12G1-CO2CH3,
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but XRD showed smaller d-spacings. This can be explained by a greater degree of
interdigitation of the aryl segment.

Figure 4.5 - Lamellar crystalline structure with four layer repeat observed for (4BpPr3,4,5BpPr)12G1-CO2CH3. (a) electron density map indicating decreased electron density
in every other layer. (b) Proposed packing models together with the electron density map.
(c) Molecular model of (4BpPr-3,4,5BpPr)12G1-CO2CH3, and the top and side view of
the puckered tetralayer model.
Anomalously, (4BpPr-3,4,5BpPr)12G1-CO2CH3 exhibits a d-spacing of 92.1 Å
(See Supporting Figure SF21) that is significantly larger than expected for a molecular
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dimer even if the aliphatic tails were in an unrealistically extended all-trans conformation
(86 Å). Additionally, wide-angle XRD shows sharp reflections indicative of a crystalline
structure, in contrast to broader wide-angle reflections for the monotropic S(bilayer)
structure formed upon slow cooling from the isotropic phase (Supporting Figure SF22).
A reconstructed electron density map of the lamellar crystalline structure (Figure 4.5a)
suggests increased crystallinity, accompanied by a decrease in electron density in every
other layer. The increase in crystallanity, likely induces chain titling to compensate in the
reduction of alkyl tail cross-sectional area. A four layer model for this lamellar crystalline
phase was proposed where the internal layers are either tilted or puckered (Figure 4.5b,
packing 1 and 2). A molecular model of the puckered conformation in depicted in Figure
4.5c. The shapes of this lamellar crystal resembles a supramolecular equivalent of
ferroelectric or anti-ferroelectric lamellar structures formed from polar banana-shaped
molecules.75-77

4.2.9. Dimensions and Mechanism of Self-Assembly into Spherical Supramolecular
Dendrimers is Determined through Branching Pattern. Self-organization of dendrons
into the Pm3 n cubic phase was first observed for (3,4,5)n12Gn-X and a model of selfassembly was proposed wherein the dendrons adopt a conical conformation. 13 TEM/ED78
and XRD aided by isomorphous replacement79 ultimately demonstrated that the Pm3 n
cubic phase (Cub) was constructed from supramolecular micellar spheres. Oriented-fiber
XRD experiments provided details of the internal structure of supramolecular dendrimers
forming helical columns.38 Due to the isotropic symmetry of the lattice, fiber XRD of
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cubic phases do provide less information on the internal structure of supramolecular
dendrimers forming spheres. However, certain examples of biphenyl-4-methyl ether
dendrons,56 AB4 dendrons,54 dendritic dipeptides,40 and hybrid (AB)y-ABn dendrons selfassemble into supramolecular spheres exhibiting a chiral and hollow center. Recently, it
was demonstrated that cyclotriveratrylene (CTV)39 and triphenylene (Tp)73 functionalized
with self-assembling benzyl ether dendrons exhibit a crown-conformation that selfassemble into chiral spheres possessing a short internal helical arrangement.39

Figure 4.6 - Small-angle powder XRD plots for selected BpPr dendrons that selfassemble into the Pm3 n cubic phase (top) and the corresponding reconstructed electron
density maps, presented at relative scale (bottom). The dashed blue rectangles mark the
increased intensity of the higher order diffraction peaks.
In previous libraries19,

55-56

of self-assembling dendrons, the formation of

spherical objects followed a conical packing mechanism. The increased molecular
dimensions of dendrons constructed from BpPr building blocks make it possible to
identify alternative mechanisms of spherical self-assembly. Four examples of BpPr
dendrons with similar molecular dimensions that self-organize into the Cub phase that
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exhibit a sequential decrease in the observed lattice dimensions were chosen for further
investigation (Figure). (3,4,5BpPr)312G3-CO2CH3 has the smallest lattice constant a =
115 Å (D = 73 Å), increasing to a = 154 Å (D = 95 Å) for (3,4,5BpPr-(3,4BpPr)2)12G3CO2CH3, a = 173 Å (D = 107 Å) for (3,4BpPr)312G3-CO2CH3, and a = 227 Å (D = 140
Å) for (4BpPr-(3,4BpPr)2)12G2-CO2CH3. With decreasing degree of branching,
increased lattice dimensions are observed as well as more pronounced low electrondensity in the center of the supramolecular sphere corresponding to an increased
amplitude of higher order diffraction peaks (Figure 4.6).
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Figure 4.7 - Molecular models of the four chosen dendrons in the all-trans conformation
(a), crown-like pyramidal packing proposed for (3,4,5BpPr)312G3-CO2CH3 (b), cone-like
packing proposed for (3,4,5BpPr-(3,4BpPr)2)12G3-CO2CH3 and (3,4BpPr)312G3CO2CH3 (c). Unit cell and to-scale molecular model of (4BpPr-(3,4BpPr)2)12G2-CO2CH3
depicting the lower bound of the empty core diameter Dcore (d).
In the conical packing model, the self-assembled sphere has a diameter that is
approximately double the apex-to-periphery length (L) of an individual cone-shaped
dendron (Figure 4.7c). Recently, it has been demonstrated that in the Cub phase the
compression74 of the dodecyloxy tails is 31 % at 110 °C, while the compression of the
aromatic core is negligible. Additionally, it was shown that from 20 °C to 110 °C the
relative compression of the alkyl tail increased by only 5 %. Thus, it can be estimated
that in Cub phases generated from BpPr dendrons the alkyl tails are compressed by 25-30
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% via chain melting. For the dendrons (3,4,5BpPr)212G3-CO2CH3, (3,4,5BpPr(3,4BpPr)2)12G3-CO2CH3,

(3,4BpPr)312G3-CO2CH3,

and

4BpPr-(3,4BpPr)2)12G2-

CO2CH3, the apex-to-periphery length (L) in the conical dendron conformation is
approximately 50 Å (Figure 4.7a) for the all-trans conformation or closer to 45 Å for
melted alkyl tails. Therefore, the expected diameter of the supramolecular spheres built
from these molecules should be between 90 and 100 Å. For (3,4,5BpPr-(3,4BpPr)2)12G3CO2CH3 the experimentally determined diameter of 95 Å is in agreement with the
expected size, 90-100 Å, of the spheres that would be obtained via the conical model of
packing. (3,4BpPr)312G3-CO2CH3 has an experimentally determined spherical diameter
of 107 Å which is close to, but slightly above, the expected size of the sphere and may
indicate a small hollow center (Figure 4.7). This is corroborated by increased amplitude
of the higher order diffraction peaks obtained via SAXS, which were previously
attributed to a low-electron density core region.40 It is interesting to note that the
biphenyl-4-methyl ester dendron of similar primary structure, (3,4Bp)312G3-CO2CH356
also exhibited experimental diameters that are 20 Å larger than the theoretically predicted
diameter of a dendritic dimer.56 However, for (4BpPr-(3,4BpPr)2)12G2-CO2CH3 the
experimentally determined spherical diameter is 140 Å. This is suggestive of a large
hollow-center greater than 25 Å in diameter which is supported by a significant
enhancement of the higher order diffraction peaks (Figure 4.7d). At the other extreme,
(3,4,5BpPr)312G3-CO2CH3 has an experimentally determined diameter of 73 Å and
therefore it is ~23 % smaller than expected for a conical-packing model assuming melted
alkyl tails. For dendronized CTV39 a crown-conformations exists. For dendronized Tp73 a
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model for the self-assembly of supramolecular spheres was discovered wherein the
dendronized discs adopt a crown-conformation. These dendritic crowns form spheres
composed of short helical pyramidal columns that are spherically distorted. Therefore,
(3,4,5BpPr)312G3-CO2CH3 may adopt a crown-conformation and pack into pyramidal
helical spheres. Supramolecular spheres composed of dendritic crowns were not observed
in previous libraries. However, due to the smaller dimensions of the dendrons and of the
corresponding supramolecular spheres it would not have been possible to distinguish
between the various models.
Molecular topology controls the diameter of the supramolecular sphere.
Comparison of all generation three BpPr dendritic esters and dendritic esters of similar
molecular dimensions (e.g. (4BpPr-(3,4BpPr)2)12G2-CO2CH3) forming supramolecular
spheres self-organized into Cub lattices, shows that the more alkyl tails (x) at the
periphery, the smaller the diameter of the supramolecular sphere and the fewer dendrons
required to generate the sphere (Figure 4.8, left). Additionally, examination of projection
of solid angle (’) demonstrates a roughly linear increase of the effective molecular taper
angle with increasing number of alkyl tails (Figure 4.8, right). The ’ of hollow,
vesicular, or crown-like spheres, which interestingly exist only for the lowest or highest
number of alkyl tails, are calculated in the same way as for conical spheres and may not
be accurate. Dendritic alcohols were not included in this analysis as H-bonding
interactions will result in spherical compression. This trend is not as clear if aliphatic
weight-fraction of the dendron is used as the structural variable. Interestingly, only for 46 alkyl tails per dendron do both columnar and spherical structures form at different
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temperature ranges. Likewise only for 4 alkyl tails does a substantial hollow center
become apparent for (4BpPr-(3,4BpPr)2)12G2-CO2CH3 or a giant vesicular sphere is
observed for the constitutional isomer (4BpPr-3,4BpPr-3,5BpPr)12G2-CO2CH3. Thus,
the number of alkyl tails at the dendron periphery can be employed as a design element to
tailor the shape and also to determine the diameter of the spherical supramolecular
dendrimers, the number and conformation of dendrons from which they are generated.

Figure 4.8 - The effect the number of alkyl tails (x) on the spherical diameter and on the
number of dendrons per supramolecular dendritic sphere () generated from third
generation dendrons or dendrons of comparable molecular dimensions (a). Dependence
of the calculated projection of the solid angle (’) of the dendrons in the supramolecular
sphere on the number of alkyl tails (x) (b).
4.2.10 Ultrahigh Molecular Weight Supramolecular Spheres via an Unprecedented
Interdigitated Vesicular Self-Assembly. In the previous section, it was demonstrated
that the increased diameter of the supramolecular dendrimers generated from BpPr
dendrons allowed for the distinction between various modes of spherical self-assembly.
The previous examples showed that decreasing the degree of branching in dendrons that
form supramolecular spheres results in a progressive increase in the diameter of the
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supramolecular sphere and a concomitant decrease in the electron density at the center of
the sphere. At the extreme, a large hollow center was proposed for (4BpPr(3,4BpPr)2)12G2-CO2CH3. The constitutional isomer of (4BpPr-(3,4BpPr)2)12G2CO2CH3 resulting from a change in the apex branching unit, (4BpPr-3,4BpPr3,5BpPr)12G2-CO2CH3, exhibits an even larger experimental diameter of 171.2 Å.
Reconstructed electron density maps demonstrated a low-electron density at the center of
the sphere which could indicate a hollow center. However, this hollow center would have
a diameter of 70-80 Å or over 40 % of total spherical diameter and is unrealistic for selforganized soft-condensed matter. Additionally, while there may be a small cavity at the
center of the vesicular sphere, the electron-density of the interior does not appear lowenough to support an entirely empty core. Therefore, an alternative interdigitated
vesicular model of spherical self-assembly was proposed to explain this structure (Figure
4.9). The improved conformational flexibility of the 3,5-branching unit at the apex allows
compression of the molecular taper angle ’ thereby permitting interdigitation of narrow
wedges to form a bilayer structure. As expected for the vesicular model, conversion of
(4BpPr-3,4BpPr-3,5BpPr)12G2-CO2CH3 to the corresponding alcohol completely
destabilizes the vesicular phase resulting in r-c self-organization. As the vesicular
structure contains two layers of dendrons, an extraordinarily high number of dendrons
compose each sphere. The supramolecular sphere composed of 770 quasi-equivalent
building blocks has a molecular weight of 1.73  106 g/mol. The largest  value
previously encountered for supramolecular dendritic spheres self-organized into a Cub
lattice was 191, for (4Pr-(3,4Pr)2)12G2-CO2CH3, with a corresponding molecular weight
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for the supramolecular dendrimer of 3.41  105.55 Thus, this new example represents at
~4-fold increase in  and 5-fold increase in mass, achieving the first supramolecular
dendrimer with ultrahigh molecular weight (MW  1.0  106 g/mol). For the biphenyl-4methyl ether dendron (3,4Bp)212G2-CO2C4H9,  = 243 and MW = 3.30  105 g/mol and
for (4Bp-3,4Bp-3,5Bp)12G2-CO2CH3, a dendron of similar primary structure to the
current example,  =261 and Mw = 5.34  105 g/mol.56 While it was not apparent at the
time, these biphenyl-4-methyl ether dendrons with high  values may also be examples
of the interdigitated vesicular cubic phase. There too, the vesicular phase was disrupted
by conversion of the apex group to an alcohol.
This vesicular spherical supramolecular dendrimer is of the dimensions, shape
and mass comparable only to that of the most complex biological assemblies such as
eukaryiotic ribosome, which weigh approximately 2.5 106 g/mol.80 As the size of
supramolecular dendrimers approach the wavelength of visible light, the periodic
variation in the electron density between the aliphatic and aromatic domains will provide
an entry into optoelectronic materials. To achieve such sizes via a traditional conical
packing mechanism would require self-assembling dendrons that are extremely long
therefore must be prepared from very high generation dendrons. This would also need to
exhibit an extremely small molecular taper angle and limited branching. Through
interdigitation and multilayer packing, vesicular spheres may achieve this goal with
significantly smaller and synthetic more feasible dendrons. Additionally, dendritic
macromonomers that form self-assembling spheres of this size may also provide a route
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to monodisperse ultrahigh molecular weight polymers through the self-interruption of
their polymerization process.81

Figure 4.9 - Vesicular cubic phase: (4BpPr-3,4BpPr-3,5BpPr)12G2-CO2CH3 XRD
powder plot with the increased relative intensities of the high order peaks marked by the
dotted rectangle (a), corresponding relative electron density map (b), corresponding
model of the self-assembled vesicular sphere (c), and comparison with the model of the
hollow cubic spheres self-assembled from (4PBp-(3,4PBp)2)12G2-CO2CH3 (d).
4.2.11 Helical Porous and Non-Porous Columns Exhibiting Intracolumnar Order.
The self-organization of arylether dendrons into h lattices generated from helical porous
columns was first observed with self-assembling dendritic dipeptides.44-50 In addition to
larger than expected Dcol for filled columns, hollow-columns also showed characteristic
enhancement of higher-order 110, 200, and 210 diffraction peaks. Recently, helical
porous supramolecular columns were also observed in libraries of phenylpropyl,55
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biphenyl-4-methyl ether,56 and in libraries of dendrons with more complex architecture57
that did not contain a dipeptide as the apex group. The helical diffraction theory of
Cochran, Crick and Vand37

was recently adapted for the analysis of helical

supramolecular dendrimers.38, 54, 82
Table 4.4 - Measured and Fitted XRD Peak Amplitudes, Column and Pore Diameter for
BpPr Dendrons forming Hollow Helical Supramolecular Dendrimers that Self-Organize
into h Lattices
q11 a (Å-1)
q20 a (Å-1)
q21 a (Å-1)
Dcol meas ,
q10 a (Å-1)
Dpored
[A10, A10] b
[A11, A11] b
[A20, A20] b
[A21, A21] b
Dcol fit c (Å)
(Å)
(a.u, a. u.)
(a.u, a. u.)
(a.u, a. u.)
(a.u, a. u.)
(4BpPr-3,4BpPr 30
0.0865
0.1499
0.1731
0.2289
41.6, 42.2
12.4
3,4,5BpPr)12G2-CH2OH
[41.50, 42.45]
[25.13, 27.16]
[21.79, 18.11]
[8.80, 7.12]
±2.2
(4BpPr -(3,4BpPr)2)
135
0.0740
0.1282
0.1480
0.1958
46.9, 47.0
16.7
12G2-CO2CH3
[34.23, 35.81]
[24.56, 28.36]
[23.03, 20.30]
[6.70, 6.03]
±2.6
2
(4BpPr-(3,4BpPr) )
125
0.0810
0.1403
0.1620
0.2143
44.7, 44.9
12.5
12G2-CH2OH
[42.72, 43.81]
[26.30, 28.18]
[21.43, 18.06]
[6.12, 5.04]
±2.0
(4BpPr-3,4,5BpPr140
0.0845
0.1463
0.1690
0.2235
42.3, 42.0
13.8
3,5BpPr)12G2-CO2CH3
[40.74, 41.50]
[26.13, 27.59]
[23.85, 19.09]
[7.36, 6.37]
±2.0
(4BpPr-3,4,5BpPr150
0.0896
0.1551
0.1791
0.2370
40.8, 40.8
11.5’
3,5BpPr)12G2-CH2OH
[41.28, 42.36]
[25.61, 28.20]
[21.88, 16.82]
[7.83, 6.35]
±2.0
a
qhk = hk diffraction peak position. b[Ahk, Ahk] = measured and fitted (hk) diffraction peak amplitude, a.u. = arbitrary units. cDcol meas. =
measured column diameter, Dcol fit = fitted column diameter. d Dpore = calculated pore diameter.
Dendron

T
(C)
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Figure 4.10 - Supramolecular crown conformations assembled from (4BpPr-(3,4BpPr)2)12G2-X (X=CO2CH3 and CH2OH) and their self-organization into helical pyramidal
columns. Wide-angle XRD oriented fiber patterns collected at 25°C for X=CO2CH3 (a),
compared with the Cerius2 simulated diffraction pattern based on the corresponding
molecular models of (4BpPr-(3,4BpPr)2)-12G2-CO2CH3 (b), wide-angle XRD oriented
fiber pattern collected at 25 °C for X=CH2OH (c), and theoretical diffraction pattern for a
deca-201 helix (d). Azimuthal Chi angle plots along the region indicated on the fiber
patterns (e). Molecular model for the X=CO2CH3 (f). In (a, c): L - indicates helical layer
line; tilt- dendron tilt angle or tilt correlation features (marked in green); long range
helical features are marked by the gray colored circles.
In spite of the twisted conformation of the two phenyl units forming the biphenyl
group, many BpPr dendrons self-organize into h lattices possessing internal helical
order and hollow centers. The representative XRD data, the column (Dcol) and pore
(Dpore) diameters of helical supramolecular columns self-organized in the h phase are
presented in Table 4.4 . (4BpPr-(3,4BpPr)2)12G2-CO2CH3 exhibits the largest Dpore (16.7
± 2.6 Å). (4BpPr-(3,4BpPr)2)12G2-CO2CH3 also exhibits a high temperature Cub phase
184

with a hollow center, indicating that primary structures favoring hollow columns may
also favor hollow spherical self-assembly. The corresponding alcohol, (4BpPr(3,4BpPr)2)12G2-CH2OH, forms a hollow helical column with a smaller Dpore (12.5 ± 2.0
Å). A decreased diameter of the hollow center was also observed in the higher
temperature Cub phase, and was attributed to the H-bonding interactions of the apexgroup. Retrostructural analysis and Cerius2 simulation of the diffraction pattern of the
modeled hollow helical columns formed from (4BpPr-(3,4BpPr)2)12G2-X suggest selfassembly into supramolecular-crowns that form a novel deca-201 atomic helix (Figure
4.10). (4BpPr-3,4,5BpPr)12G1-CH2OH also self-assembles into supramolecular-crowns
that form a novel octa-161-atomic helix, but in contrast to the previous example does not
exhibit a hollow center.
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Figure 4.11 - Wide-angle oriented fiber XRD patterns of the supramolecular columns
assembled from the dendritic alcohol (4BpPr-3,4,5BpPr)12G1-CH2OH collected in the
Φhio phase (a), and Φh phase (b). Cerius2 molecular model based simulation of the XRD
pattern of the oriented fiber (c). Atomic helical packing, helix parameters and the
corresponding simulated XRD pattern (d) of the same supramolecular assembly. The
molecular model of the supramolecular structure generated from (4BpPr3,4,5BpPr)12G1-CH2OH used in the Cerius2 simulation (e, f, g, h).
4.2.12 A “Nanoperiodic Table” of Supramolecular Dendrimers. The first selfassembling dendrons were designed to mimic the shape of the capsid protein of the
tobacco-mosaic virus (TMV).83-85 Later, it was shown that changes to the primary
structure of dendrons result in different self-assembled supramolecular structures and
corresponding self-organized periodic lattices and quasi-periodic arrays13-21 Following
the elaboration of libraries of benzyl-ether self-assembling dendrons, a larger library of
phenylpropyl ether self-assembling dendrons was prepared and analyzed.55 Phenylpropyl
ether dendrons replicated all the structures and lattices observed for the benzyl-ether
series except for the BCC lattice. Due to limited solubility only a smaller library of
biphenyl-4-methyl ether self-assembling dendrons was reported.56 Comparison of the
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first three libraries of self-assembling dendrons suggest that the primary structure and not
the type of building block employed, had the most profound effect on supramolecular
structure. The BpPr self-assembling dendrons reported here, allow for a more complete
comparison between benzyl, phenylpropyl, biphenyl-4-methyl ether, and BpPr selfassembling dendrons.
Generally, the crystal structure of a molecule cannot be predicted de novo.86-88 In
certain systems such as linear diblock copolymers, self-assembly into microphase
segregated structures can be predicted by the molar mass of the polymer, the
immiscibility of the two blocks, and by the weight fraction of the major and minor
blocks. Structures prepared via AB diblock copolymers are architecturally similar to
those accessible via self-assembling dendrons, such as spherical, hexagonal columnar and
lamellar structures which are observed in that order with increasing percentage of the
minority block. However, for specific primary structures of dendrons the retention of
supramolecular columns has been demonstrated for 10 to 57 % of the aliphatic weight
fraction48 and likewise supramolecular spheres are persistent from 40 to 84 % aliphatic
weight fraction.74 Additionally, numerous examples of constitutional isomeric dendrons
with the same aliphatic/aromatic weight ratio self-assemble into completely different
structures. Therefore, it is not weight-fraction, but rather molecular topology that most
profoundly influences the tertiary structure of supramolecular dendrimers.
The tertiary structure of self-assembled dendrons is determined by molecular
topology or its primary structure. Therefore, analysis of sequence-structure relationship is
more appropriately handled via methods used in structural biology. A widely applied
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technique for the prediction of a protein’s tertiary structure from its primary structure is
to identify proteins of similar primary structure for which a tertiary structure has been
determined. The more similar the primary structures, the more likely it is that they will
adopt a similar tertiary structure. Figures 4.12, 4.13 and 4.14 summarize the tertiary and
quaternary structures formed for similar primary structures but using different dendritic
building blocks.19,

55-56

They provide a ‘nanoperiodic table’58 of supramolecular

dendrimers that demonstrates general trends in sequence-structure relationship and
identifies clustered regions where specific structures can be found. The supramolecular
structures formed can be classified as lamellar, columnar or spherical in analogy to the
-sheet and helical structures of fibrillar and the pseudo-spherical structure of globular
proteins.
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Figure 4.12 - Primary structure vs 3D supramolecular structure for all libraries of AB3
supramolecular dendrimers. Bn = benzyl ether, Pr = phenylpropyl ether, Bp = biphenyl4-methyl ether, BpPr = biphenylpropyl ether.
For all three libraries, the generation one dendrons are the same and exhibit a high
proportion of lamellar and columnar structures, including hollow columnar structures. In
fact only (3,4,5)12G1CO2M, where M is a metal cation, form spherical supramolecular
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dendrimers (Figure 4.12). The 3,4,5-library (Figure 4.12) progresses rapidly to
predominantly spherical structures at generation three, and entirely spherical structures
from generation three through five. The spherical supramolecular dendrimers mostly
pack into Cub lattices. Sporadic examples of packing into QLC arrays can be found at
generation two and three in the 3,4,5-library. At generation one, the columnar structures
form a roughly even mixture of h, r-s, and r-c lattices. At generation two, columnar
structures pack almost exclusively into the h lattice. The primary structure (4-3,4-3,4,5)
is biased toward the formation of porous columns.
The 3,4-library (Figure 4.13) contains the same generation one dendrons as the
3,4,5-library. At generation two, the 3,4-library is similar to the 3,4,5-library, forming
mostly spherical and hollow spherical structures. At generation two, the 3,4-library
differs, containing lamellar, unknown, and more hollow columnar structures clustered
around the (4-(3,4)2)12G2 primary structure. At generation three and four, only spherical
structures are observed. As with the 3,4,5-library most of the spherical supramolecular
dendrimers form Cub lattices. However, examples of QLC arrays and Tet lattices can be
found

for

(3,4,5Pr-(3,4Pr)2)12G3-CH2OH

and

(3,4,5Pr-(3,4Pr)2)12G3-CO2H,

respectively. The columnar lattices observed for generation two dendrons are biased
towards h self-organization, though for the (3,4)212G2 primary structure there is
complete preference for r-c self-organization.
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Figure 4.13 - Primary structure vs 3D supramolecular structure relationship for all 3,4disubstituted libraries of AB2 supramolecular dendrimers. Bn = benzyl ether, Pr =
phenylpropyl ether, Bp = biphenyl-4-methyl ether, BpPr = biphenylpropyl ether.
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Figure 4.14 - Primary structure vs 3D supramolecular structure for all 3,5-disubstituted
libraries of AB2 supramolecular dendrimers. Bn = benzyl ether, Pr = phenylpropyl ether,
Bp = biphenyl-4-methyl ether, BpPr = biphenylpropyl ether.
The 3,5-library (Figure 4.14) exhibits a greater degree of architectural
polymorphism than the 3,4- and 3,4,5- libraries. Generation two dendrons from the 3,5libraries have a far higher propensity to form lamellar structures than the other libraries.
192

The columnar structures formed from generation two dendrons in the 3,5-library exhibit
mostly h lattices, many containing a hollow center. Unlike, the 3,4- and 3,4,5- libraries
very few spherical structures are observed for generation two dendrons in the 3,5- library.
The propensity for columnar self-organization in the 3,5-library carries into the third and
fourth generations. Unlike, the 3,4- and 3,4,5- libraries which form only spherical
structures at the third generation, generation three dendrons in the 3,5-library exhibit a
nearly even mix of columnar and spherical, as well as a few smectic structures. The
columnar structures formed by the generation three dendrons, self-organize almost
exclusively into h lattices. Many of the columnar structures are porous, specifically
generation two and above dendrons with sequences (3,4-(3,5)n-1)12Gn, (4-3,4,5-(3,5)n-2)
12Gn and(4-3,4-(3,5)n-2)12Gn. The spherical structures formed by the generation three
dendrons in the 3,5-library on the other hand do not generally self-organize into the
otherwise ubiquitous Pm3 n lattice, but rather pack mostly into Tet and QLC lattices. The
high degree of architectural polymorphism in the 3,5-library is likely due to the greater
flexibility of the 3,5-branching pattern caused by diminished steric effects. The decreased
steric crowding also contributes to the ability of 3,5-branched dendrons to form columnar
and lamellar structures that likely result from a highly planar wedge-like conformation of
the dendron. This flexibility may also contribute to the tendency to pack into non-cubic
lattices of spherical supramolecular dendrimers at higher generation.
For all libraries, it is observed that for a given primary structure, changes in apexfunctionality rarely perturb the type of structure formed or the corresponding lattice.
However, it should be noted that changing the apex-group from a non-H-bonding ester to
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an H-bonding alcohol or carboxylic acid will result in decreased object size, increased
phase transition temperatures, and partial or complete elimination of pores. In rare
examples such as the new vesicular cubic phase observed for (4BpPr-3,4BpPr3,5BpPr)12G2-CO2CH3, alteration of the apex-group from an ester to alcohol completely
changes the shape of the supramolecular dendrimer from a sphere to column or vice
versa. It is also observed that for a given branching pattern and apex groups, changes to
the type of building block, i.e. benzyl, phenylpropyl, biphenyl-4-methyl, or
biphenylpropyl ether, do not significantly alter the type of supramolecular objects
formed. The limited effect of the apex-group or building block type on the self-assembled
structure is an indication that it is shape recognition, rather than directed interactions that
most strongly influences self-assembly and self-organization.
Not all primary structures were produced for every class of building block and
some primary structures adopt different supramolecular structures at different
temperatures. However, analysis of the data presented in Figures 4.12, 4.13, and 4.14
demonstrate a 82 % predictability, defined here as the percentage of similar primary
structures result in at least one conserved supramolecular shape. Thus, only 18 % of
similar primary structures produce completely distinct sets of supramolecular shapes.
Predictability is largely unchanged between full analysis of all four libraries or subsets
two or three libraries. It is worth noting that the AB3 and 3,4-disubstituted AB2 libraries
alone exhibited 5 % greater predictability than the 3,5-disubstituted AB2 library. More
important it is noted that predictability increases from 73 % at generation one to 77 % at
generation two to 95 % at generation three. Thus, the higher generation dendron and thus
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the more synthetic effort required, the higher chance that a new dendron will adopt the
targeted supramolecular structure. To more accurately quantify the relationship between
elements of the primary structure and the corresponding tertiary structure, a queryable
database of self-assembling dendrons elaborated in our laboratory depicted in Figures
4.12, 4.13, and 4.14 as well as other hybrid-dendrons21, 57 was constructed. Using this
database, it was determined that dendrons with the same branching pattern, same type of
building block, but different apex group, exhibit at least one phase composed of the same
shape of supramolecular dendrimer 83 % of the time. Dendrons with the same branching
pattern, same apex group, but different type of building block, exhibit at least one phase
composed of the same shape of supramolecular dendrimer 81 % percent of the time.
However, dendrons with the same building block, same apex group, but different primary
structures, produce completely different shaped supramolecular dendrimers 47 % of the
time. A single change in the branching pattern results in the largest decrease in structural
retention from 100 % to ~60 %, though sequential changes result in a continual decrease
in the likelihood of conserved structure.
Through both qualitative and quantitative analysis, it is evident that shape of
supramolecular dendrimer is determined largely by the primary structure of the dendron,
and not the type of building block or apex group. In proteins the primary structure which
is the linear sequence of amino-acids determines the secondary, local 3D, and tertiary,
global 3D, structure.89 The tolerance of a protein sequence to point mutation of specific
residues is complex. In some cases the folded structure and corresponding function are
retained, while other residues are more critical and their modification results in a
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different fold or function. In self-assembling aryl-ether dendrons the primary structure
corresponds to non-linear connectivity and therefore, a single mutation to the primary
structure results in a more drastic change to molecular topology, and therefore to the
tertiary structure. The tendency of self-assembling dendrons to retain 3D supramolecular
structure despite homologation of the building block mimics the relationship of synthetic
- and -amino-acids to the natural -amino acids.90-97 Polypeptides derived from -, -,
and -amino acids form generally similar helical and sheet-like structures as well as
structural motifs that comprise globular proteins, but due to backbone elongation and
different spatial arrangements of H-bond donors and acceptors specific features vary.
While

the

development

of

‘nanoperiodic

table’

for

self-assembling

supramolecular aryl-ether dendrons will allow for the design of new molecules with
tailored shape and properties, the synthesis of libraries of self-assembling dendrons is a
powerful tool for discovery and most probably applies to other building blocks. It
remains to be seen whether a similar strategy of library synthesis can be applied to other
classes of self-assembling dendrons constructed from chemically dissimilar subunits22-33
and whether that will reveal a relationship between primary, tertiary and quaternary
structure.

4.3 Conclusions
The synthesis and retrostructural analysis of 3 libraries of AB3 and constitutional
isomeric AB2 self-assembling biphenylpropyl ether (BpPr) dendrons were reported. It
was demonstrated that similar mechanisms of self-assembly to other aryl-ether dendrons
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persist, resulting in larger supramolecular dendrimers that pack into a 2-D columnar
lattices, 3-D cubic lattices and 3D non-cubic lattice and quasi-periodic arrays. Synthesis
and retrostructural analysis of libraries of BpPr dendrons allowed for the discovery of
new self-assembled structures, including a banana-like lamellar crystal with a four layer
repeat and extremely large vesicular interdigitated spheres. The interdigitated vesicular
spheres formed from 770 quasi-equivalent dendritic building blocks exhibit ultrahigh
molecular weight for supramolecular spheres, 1.73  106 g/mol and are amongst the
largest monodisperse supramolecular objects observed, rivaled only by complex
biological assemblies such as the Ribosome. Vesicular spheres may provide more rapid
access to larger spherical assemblies of interest for optoelectronic applications and the
synthesis of monodisperse ultrahigh molecular weight polymers via a self-interruption of
the polymerization process. An inverse relationship between the degree of branching of
the dendron and the size of the corresponding supramolecular sphere was determined and
through the enhancement of size a continuum between small filled spheres and large
hollow spheres was demonstrated. The synthesis of BpPr dendrons like most previous
libraries have followed a generational approach, wherein a lower generation dendron is
sequentially alkylated onto a repeated apex branching unit to provide higher generation
dendrons with greater degrees of branching. Thus new approaches to dendron design
aimed at minimizing the number of branches while retaining the desired supramolecular
shape, may result in structures of even larger size. Qualitative and quantitative
comparison of BpPr dendrons to previously reported libraries of benzyl, phenylpropyl,
and biphenyl-4-methyl ethers dendrons revealed that the shape of supramolecular
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dendrimer and also to an extent the self-organized lattice is determined almost
exclusively through the primary structure (branching sequence) of the dendrons. Like
proteins, the primary structure of dendrons determines their tertiary structure. A
‘nanoperiodic table’ of self-assembling aryl-ether dendrons was constructed and through
this table the primary structure of supramolecular dendron can therefore be used to
predicted their tertiary structure. Through this power of prediction, a retrosynthetic route
to self-organized supramolecular dendrimers is accessible, that may be able to replace in
some cases the library approach to molecular design. Finally, this report demonstrates
that the use of the empiric library approach to discovery98 may be applicable to
prediction.

4.4. Experimental Section
4.4.1. Materials
Ammonium bromide, 1-bromododecane (98 %), N-bromosuccinimide (NBS) (99 %),
periodic acid, hydrocinnamic acid, trimethylborate (99 %) (all from Acros), LiAlH4 (95
%), n-butyllithium solution in hexane (1.6 M), anhydrous K2CO3, (all from Aldrich),
iodine, veratrole, anhydrous MgSO4, Celite 545®, NaOH, NaHSO4 NaHCO3, NaCl, HCl,
glacial acetic acid, hydrobromic acid (48 % w/w in H2O), hydrogen peroxide (30 %),
dioxane, ethanol, hexanes, ethyl acetate, toluene, methanol, acetone, tetrahydrofuran (all
from Fisher) were used as received. K3PO4 (tribasic, Fisher) was dried under vacuum at
40 °C for 24h prior to use. Magnesium filings (from Lancaster) were used as received.
Triphenylphosphine (PPh3) (99 %, Acros) was recrystallized from hexanes prior to use.
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CH2Cl2, triethylamine and toluene was dried over CaH2 (from SIGMA-Aldrich) and
freshly distilled before use. Dioxane and tetrahydrofuran was refluxed over sodium (from
SIGMA-Aldrich)/benzophenone (from Acros) until the solution turned purple and freshly
distilled prior to use. Deuterated solvents for NMR analysis were purchased from
Cambridge Isotope Laboratories, Inc. All other chemicals were commercially available
and were used as received.

4.4.2 Techniques
The purity and structural identity of final products and intermediates was determined
by a combination of techniques that includes thin-layer chromatography (TLC), highpressure-liquid chromatography (HPLC), gel permeation chromatography, (GPC), 1H and
13

C NMR, and matrix-assisted laser/desorption/ionization time-of-flight (MALDI-TOF)

mass spectrometry.
TLC was performed on silica gel coated aluminum plates (with F254 indicator; layer
thickness, 200 μm; particle size, 2-25 μm; pore size 60Å, SIGMA-Aldrich). HPLC was
carried out using THF as mobile phase at 1 mL/min, on a Shimadzu LC-10AT high
pressure liquid chromatograph equipped with a Perkin Elmer LC-100 oven (40 ºC),
containing two Perkin-Elmer PL gel columns of 5  102 and 1  104 Å, a Shimadzu SPD10A UV detector ( = 254 nm), a Shimadzu RID-10A RI-detector, and a PE Nelson
Analytical 900 Series integrator data station. Relative molecular weights were
determined by using the same instrument in a gel permeation chromatography (GPC)
setup. Relative weight average (Mw) and number average (Mn) molecular weights were
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calculated by using a calibration plot constructed from polystyrene standards.1H NMR
(500 MHz) was performed on a Bruker DRX500 instrument.

13

C NMR (125 MHz)

spectra were recorded on a Bruker DRX500 and Bruker DMX400 instruments.
Thermal transitions were determined on a TA Instruments Q100 differential scanning
calorimeter (DSC) equipped with a refrigerated cooling system with 10 °C min-1 heating
and cooling rates. Indium was used as calibration standard. The transition temperatures
were calculated as the maxima and minima of their endothermic and exothermic peaks.
An Olympus BX51 optical microscope (100 magnifications) equipped with a Mettler
FP82HT hot stage and a Mettler Toledo FP90 Central Processor was used to verify
thermal transitions and to characterize anisotropic textures. Density (20) measurements
were carried out by flotation in gradient columns at 20 °C.
Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass
spectrometry was performed on a PerSeptive Biosystems-Voyager-DE (Framingham,
MA) mass spectrometer equipped with a nitrogen laser (337 μm) and operating in linear
mode. Internal calibration was performed using Angiotensin II and Bombesin as
standards. The analytical sample was obtained by mixing a THF solution of analyte (5-10
mg/mL) with a THF solution of matrix (3,5-dimethoxy-4-hydroxy-trans-cinnamic acid or
2,4-dihydroxybenzoic acid, 10mg/mL) in a 1/5 v/v ratio. The prepared solution of the
analyte and matrix (0.5 μL) was loaded on the MALDI plate and allowed to dry at 23 °C
before the plate was inserted into the vacuum chamber of the MALDI instrument. The
laser steps and voltages applied were adjusted depending on both the molecular weight
and the nature of analyte.
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Powder and oriented fiber X-ray diffraction (XRD) experiments were carried out
using Cu-Kradiation (= x-ray radiation wavelength = 1.54178 Å) from a BrukerNonius FR-591 rotating anode X-ray source equipped with a 0.2  0.2 mm2 filament
operated at 3.4 kW. The Cu radiation beam was collimated and focused by a single bent
mirror and sagitally focused through a Si (111) monochromator, generating a 0.3  0.4
mm2 spot on a Bruker- SAXS Hi-Star multiwire area detector. To minimize air
attenuation and background scattering, an integral vacuum was maintained along the
length of the flight tube and within the sample chamber. Powder or fiber samples were
loaded in thin-wall glass capillaries (0.7 – 1.0 mm in diameter) and mounted in a custom
made oven. The oven temperature precision is ± 0.1 °C and the temperature ranges from 120 °C to 270 °C. The distance between the sample and the Bruker-AXS HiStar detector
was 6.5 cm or 12.0 cm for wide-angle diffraction experiments and 54.0 cm for
intermediate angles diffraction experiments. Aligned samples for fiber XRD experiments
were prepared using a custom made extrusion device. The powder as-prepared sample
(typical amount used was around 5-10 mg) was heated inside the custom-made extrusion
device above isotropization temperature. After slow cooling from the isotropic phase, the
fiber was extruded at the temperature corresponding to the desired liquid crystal or
crystal phase. In all cases, the oriented fiber axis was perpendicular to the X-ray beam
direction. XRD peaks position and intensity analysis was performed using Datasqueeze
Software (version 2.01). The background or diffraction peaks were fitted with
polynomial, Gaussian, Lorentzian, Lorentzian squared, or Voigt peak-shape fitting. To
simulate the fiber patterns, we use the Fourier transform of a helical molecule:37
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The total scattering equation expressed in cylindrical coordinates, averaged for all the
azimuthal angle values, in the reciprocal space can be written as:99
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Notation used in equations (1) and (2): rj, zj, and j are the cylindrical coordinates of atom
j; Jn is the Bessel function of the nth order; R, Z are the cylindrical coordinates in the
reciprocal space; fj -the jth atom scattering factor. A custom made program based on the
equation (2) was used to simulate the ideal fiber diffraction from 7/2 (Figure 4.10b) and
5/1 (Figure 4.11c) helical packing. To simulate the fiber patterns, we used the shown
molecular models loaded in the Cerius2 software (Accelrys, version 3.8.0, using the
Diffraction Amorphous module).
Molecular modeling was performed using Materials Studio Modeling software
(Accelrys, version 3.1.0.0). In all cases, the supramolecular assemblies were minimized
using either Discover module (using the COMPASS forcefield) or the VAMP module
(using the PM3 Hamiltonian).

4.4.3. Synthesis of dendritic building blocks and dendrons.
1-Bromo-3,4,5-trimethoxybenzene

(d),56

4-bromoanisole

(4a),67 and methyl 4-

iodohydrocinnamate (15) 66 were prepared according to literature procedures.
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4-Bromo-1,2-dimethoxybenzene (4b). The synthesis of 4-bromoveratrole was
performed using a modified literature procedure.67 Veratrole (20g, 144.7 mmol) and
ammonium bromide (15.6g, 159.2 mmol) were dissolved in 150 ml of glacial acetic acid
and left stirring under nitrogen until complete dissolution. Hydrogen peroxide (30%) 18
mL (159.2 mmol) was added dropwise under nitrogen. The reaction was stirred under
nitrogen for 5 h until TLC showed complete consumption of the veratrole. A saturated
solution of NaHCO3 was added and left stirring for 10 min. The reaction mixture was
extracted three times with CH2Cl2 and the resulting organic layer was washed two times
with H2O and dried over MgSO4. The solvent was removed under reduced pressure and
the crude oil was purified via silica gel chromatography using CH2Cl2 as the eluent to
yield a the product as a clear oil (28.6 g, 91.2 %). 1H NMR (CDCl3, 500 MHz, δ, ppm):
3.86 (s, 3H, d or e), 3.88 (s, 3H, d or e), 6.74 (d, 1H, J = 8.6 Hz, c), 6.98 (d, 1H, J = 2.2
Hz, a), 7.03 (dd, 1H, J = 8.62 Hz, J = 2.2 Hz, b). 13C NMR (CDCl3, 125 MHz, δ, ppm):
56.28, 56.32, 112.86, 225.26, 123.65, 148.66, 150.08.

4-Methoxyphenylboronic acid (14a). Bromoanisole (45g, 0.24 mol) was dissolved in
dry THF (20 ml) and added dropwise via addition funnel to a stirring mixture of freshly
ground magnesium powder (7g, 0.28 mol) in 50 ml of dry THF. Caution: Addition must
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be very slow as the reaction is very exothermic. A catalytic amount of iodine was added
to initiate the reaction. The reaction mixture was left stirring for 30 min at room
temperature and then heated to 80 oC for 3 h. The aryl Grignard reagent forms a thick gel
on cooling and was added by cannula to 44 ml of trimethyl borate (0.38 mol) in 50 ml of
dry THF at -10 oC. As the addition becomes very slow toward the end of the transfer due
to the viscosity of the Grignard reagent, a minimum amount of dry THF was added to
facilitate the dropwise addition of the last portion of Grignard reagent. After the addition
was complete a white precipitate is formed. The reaction mixture was stirred at 0 oC for 3
h and allowed to warm to room temperature for 15h. The mixture was acidified with HCl
(10 %) to pH 1.5 – 2 and extracted twice with ethyl acetate. The organic layers were
dried over MgSO4 and concentrated under reduced pressure. The crude boronic acid was
precipitated with hexane to yield bright white crystals (35.4 g, 97 %). The product was
used without further purification. 1H NMR (d6-acetone, 500 MHz, δ, ppm): 3.86 (s, 3H,
c), 6.94 (d, J=6.6 Hz, 2H, b), 7.00 (bs, 1H, d), 7.87 (d, J = 6.6 Hz, 2H, a).

3,4-Dimethoxyphenylboronic acid (14b). To a three-neck round bottom flask fitted with
a thermometer under N2 was added 4-bromoveratrole (20 g, 92.14 mmol) and dry THF
(190 ml). The reaction mixture was cooled to -78 oC and left stirring under N2 for 30 min.
During this time, the reaction mixture was degassed and refilled with N2 three times. nBuLi (1.6 M, 57.5 ml, 92.14 mmol) was added dropwise via syringe making sure that the
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temperature does not exceed -72C. The reaction was allowed to stir at -78 oC for 30 min
following complete addition of BuLi. Trimethyl borate (10.5 ml, 9.57, 92.14 mmol) was
added dropwise at -78 oC and the reaction allowed to warm to room temperature over 4-5
h. The solution was cooled -20 oC and acidified with HCl (10 %) to pH 2-3 and allowed
to warm to room temperature. The boronic acid was extracted with ethyl acetate and
washed once with brine. The organic layer was dried over MgSO4. Following filtration
the volume of solvent was decreased under reduced pressure until precipitation of the
boronic acid was observed. Excess hexane was added and the precipitate filtered to yield
a shiny white microcrystalline solid, which was air-dried for a minimum time to prevent
anhydride formation. The product was used without further purification. Yield (13 g, 78
%).1H NMR (d6-acetone, δ, ppm TMS): 3.79 (s, 3H, d or e), 3.81 (s, 3H, d or e), 6.92 (d,
1H, J = 7.9 Hz, c), 6.95 (bs, 2H, f), 7.43 (d, 1H, J = 1.4 Hz, a), 7.46 (dd, 1H, J = 7.9 Hz, J
= 1.4 Hz, Ar 6 position).

13

C NMR (d6-DMSO, δ, ppm): 56.15, 56.24, 111.91, 118.12,

128.53, 148.83, 151.46, 153.39.

3,5-Dimethoxyphenylboronic acid (14c). To a mixture of freshly ground magnesium
(1.3 g, 53.49 mmol) in 50 ml of dry THF was added 3,5-dimethoxybromobenzene (7.25
g, 33.46 mmol) in 40 ml of dry THF dropwise via addition funnel over a period of 45
min. The reaction was initiated with iodine and refluxed for 3 h at 80 oC. The freshly
prepared Grignard reagent was added dropwise to a solution of trimethylborate (7 ml,
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61.63 mmol) in 50 mL of dry THF at -10 oC for 1 h and allowed to warm slowly to room
temperature for 15h. The mixture was acidified with HCl (10%) to pH 1.5 – 2 and
extracted twice with ethyl acetate. The organic layers were dried over MgSO4 and
concentrated under reduced pressure. The crude boronic acid was precipitated with
hexane to yield 5.3 g of boronic acid (65% yield).1H NMR (d6-DMSO, δ, 500 MHz,
ppm): 3.73 (s, 6H, c), 6.50 (t, 1H, J = 2.4 Hz, b), 6.95 (d, 2H, J = 2.4 Hz, a), 7.95 (s, 2H,
d). 13C NMR (d6-DMSO, 125 MHz, δ, ppm): 55.83, 100.42, 106.64, 133.56, 161.62.

3,4,5-Trimethoxyphenylboronic acid (14d). A three-neck round bottom flask fitted with a

thermometer under N2 was charged with 5-bromo-1,2,3-trimethoxybenzene (5 g, 20.23
mmol) and dry THF (170 ml). The reaction mixture was cooled to -78 oC and left stirring
under N2 for 30 min. During this time, the reaction mixture was evacuated and refilled
with N2 three times. n-BuLi (1.6 M, 14 ml, 22.46 mmol) was added dropwise making
sure the temperature does not exceed -72C. The reaction was allowed to stir at -78 oC
for 30 min following complete addition of BuLi. Trimethyl borate (6.89 ml, 60.7 mmol)
was added dropwise at -78 oC and the reaction allowed to warm to room temperature over
4-5 h. The solution was cooled -20 oC and acidified with HCl (10%) to pH 2-3 and left
warming slowly to room temperature. The boronic acid was extracted with ethyl acetate
and washed once with brine. The organic layer was dried over MgSO4. Following
filtration the volume of solvent was decreased under reduced pressure until precipitation
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of the boronic acid was observed. Excess hexanes was added and the precipitate filtered
to yield a shiny white microcrystalline solid, which was air-dried for a minimum time to
prevent anhydride formation. The product was used without further purification. Yield
(4.08 g, 95 %). 1H NMR (d6-DMSO, 500 MHz, δ, ppm): 3.67 (s, 3H, c), 3.77 (s, 6H, b),
7.11 (s, 2H, a), 7.92 (s, 2H, d) . 13C NMR (d6-DMSO, 125 MHz, δ, ppm): 56.12, 60.83,
107.63, 125.82, 139.53, 150.81.

Methyl 3-(4-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)phenyl)propanoate (15). Fresh
Preparation of Npg-BH: A 250 mL round bottom flask was charged with
neopentylglycol (20.83g, 200.0 mmol) and toluene (100 mL). The reaction mixture was
cooled to 0 °C and BH3•DMS (19.0 mL, 200.0 mmol) was added slowly via syringe
while stirring. The reaction mixture was stirred at 0 °C for additional 30 min and then
allowed to warm to room temperature over 1.5 h at which point H2 evolution ceased.
Neopentylglycolborylation: At this point the solution of freshly prepared Npg-BH was
cannulated to a 500 mL 2-neck round bottom flask charged with methyl 4iodohydrocinnamate (29.01 g, 100.0 mmol), NiCl2(dppp) (1.08 g, 2.0 mmol), dppp (0.82
g, 2.0 mmol), Et3N (39.8 mL, 300.0 mmol), and toluene (100 mL). The reaction mixture
was heated to 100 °C for 19 h while stirring. The reaction mixture was cooled to room
temperature and diluted with ethyl acetate (200 mL). Excess Npg-BH was quenched via
slow addition of saturated aqueous NH4Cl until H2 evolution ceased. The quenched
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reaction mixture was then washed with saturated aqueous NH4Cl (2  250 mL). The
combined aqueous layers were back extracted with ethyl acetate (2  200 mL). The
combined organics were dried over MgSO4, filtered, and the solvent was removed
reduced pressure. The crude product purified by column chromatography (silica gel,
hexanes/ethyl acetate 5:1) to yield a white crystalline solid (25.95 g, 94 %). Mp = 68-69
o

C. 1H NMR (CDCl3, 500 MHz δ, ppm): 1.02 (s, 6H, g), 2.64 (t, J = 7.9 Hz, 2H, d), 2.96

(t, J = 7.9 Hz, 2H, c ), 3.67 (s, 3H, e), 3.76 (s, 4H, f), 7.19 (d, J = 7.8 Hz, 2H, b) 7.73 (d, J
= 7.8 Hz, 2H, a).

13

C NMR (CDCl3, 125 MHz, δ, ppm): 22.02, 31.34, 32.03, 35.68,

51.71, 72.44, 127.73, 134.30, 143.28, 173.39 . HRMS (CI+): m/z calculated for
(C15H21BO4+H)+: 277.1610, found: 277.1613.

4-(3-Methoxy-3-oxopropyl)phenylboronic acid (16). To a 500 mL round bottom flask
charged with 2 (25.70 g, 93.1 mmol) and iPrOH (44 mL) at 0 °C was added a solution of
diethanolamine (14.68 g, 139.7 mmol) in iPrOH (88 mL). The reaction mixture was
allowed to stir for 3 h while warming to room temperature. The trans-esterified salt was
precipitated via addition of Et2O (200 mL). The reaction mixture was filtered and the
solids collected. The white solids were then transferred to another 500 mL round bottom
flask and Et2O (265 mL) was added. The reaction mixture was cooled to 0 °C and 10 %
H2SO4 (44 mL) was added slowly. The reaction mixture was allowed to warm to room
temperature and stirred for and additional 15h. The reaction mixture was partitioned and
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washed with water (2  300 mL). The aqueous phase was back extracted with diethyl
ether (200 mL). The combined organic phases were dried over MgSO4 and the solvent
was distilled under reduced pressure to give the desired product (14.75 g, 76 %) as a
white solid. The boronic acid was used directly without further purification. 1H NMR (d6DMSO, 500 MHz, δ, ppm):2.62 (t, J = 7.7 Hz, 2H, d), 2.84 (t, J = 2.84, 2H, c), 3.57 (s,
3H, e), 7.17 (d, J = 6.8 Hz, 2H, b), 7.69 (d, J = 6.8 Hz, 2H, a), 7.90 (s, 2H, f).

Methyl 4’-methoxy-4-biphenylpropanoate (10a). Method A: A two neck round bottom
flask equipped with a reflux condenser was charged with 4-methoxyboronic acid (6.31 g,
41.53 mmol), methyl 4-iodohydrocinnamate (8.6 g , 29.64 mmol), K3PO4 (18.89 g 88.99
mmol), NiCl2(dppe) (0.78g, 1.48 mmol) and freshly recrystallized PPh3 (0.77 g, 2.96
mmol). The flask was evacuated for 10 min and back filled with N2 three times. Dry
dioxane (40 mL) was added through the septum and the reaction mixture was heated to
110 oC . Once the reaction reached 110 oC a change in the color from carmine-yellow to
green was observed. The reaction cooled to room temperature. The reaction mixture was
filtered and the solid was washed copiously with CH2Cl2 and acetone. The solvent was
removed under reduced pressure and the crude solid was purified by recrystallization
from MeOH giving white crystals (6.76 g, 84 % yield).
Method B: A two neck round bottom flask equipped with a reflux condenser was charged
with

4-methoxy-1-bromobenzene

(1.61g,

8.54

mmol),

4-(3-Methoxy-3209

oxopropyl)phenylboronic acid (2.5 g, 12.02 mmol), NiCl2(dppe) (0.45g, 0.86 mmol),
dppe (0.34g, 0.86 mmol), and K3PO4 ( 5.47 g, 25.77 mmol). The flask was evacuated for
10 min and back filled with N2 three times. Dry dioxane (65 mL) was added through the
septum and the reaction mixture was heated to 110 oC for 14 h. The reaction mixture was
cooled to room temperature, diluted with CH2Cl2 (50 mL) and filtered. The solvent was
removed under reduced pressure. The crude solid was recrystallized from methanol to
provide white crystals (2.11 g, 91 %)
Method C: Cross-coupling of 4-methoxy-1-bromobenzene with methyl 3-(4-(5,5dimethyl-1,3,2-dioxaborinan-2-yl)phenyl)propanoate using PdCl2(dppf) as catalyst using
previously reported procedure (94 % yield).69 Purity (HPLC), 99+ %; mp 115 oC (lit 115
o

C); 1H NMR (CDCl3, 500 MHz, δ, ppm) 7.49 (d, J = 8.9 Hz, 2H, j), 7.46 ( d, J = 8.3 Hz,

2H, g), 7.23 (d, J = 8.4 Hz, 2H, f), 6.95 (d, J = 8.8 Hz, 2H, k), 3.83 (s, 3H, m), 3.68 (s,
3H, a), 2.97 (t, J = 8.1 Hz, 2H, d), 2.65 (t , J = 7.5 Hz, 2H, c);
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C NMR (CDCl3,125

MHz, , ppm) 173.4 (b), 159.0 (l), 138.9 (2) (e, h), 133.5 (i), 128.7 (f), 128.0 (k), 126.8
(g), 114.2 (j), 55.3 (m), 51.6 (a), 35.7 (d), 30.5 (c); HRMS (CI) calcd. for C17H18O3 (M+):
270.1256, Found: 270.1238.
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Methyl 3’,4’-dimethoxy-4-biphenylpropanoate (10b). Method A: A two neck round
bottom flask equipped with a reflux condenser was charged with 3,4-dimethoxyboronic
acid (2g, 10.9 mmol), methyl 4-iodohydrocinnamate (2.11g, 7.27 mmol), K3PO4 (4.7 g,
22.14 mmol), NiCl2(dppe) (0.19 g, 0.35 mmol) and dppe (0.14 g, 0.36 mmol). The flask
was evacuated for 10 min and back filled with N2 three times. Dry dioxane (40 mL) was
added through the septum and heated to 110 oC for 16 h. Once the reaction reached 110
o

C a change in the color from carmine-yellow to green was observed. The reaction was

cooled to room temperature. The reaction mixture was filtered and the solid was washed
copiously with CH2Cl2. The solvent was removed under reduced pressure and the crude
solid was purified by column chromatography (silica gel, hexanes:ethyl acetate 4:1)
giving of white powder (1.96 g, 90 % yield).
Method B: A two neck round bottom flask equipped with a reflux condenser was charged
with

3,4-dimethoxy-1-bromobenzene

(3.58

g,

16.67

mmol),

4-(3-Methoxy-3-

oxopropyl)phenylboronic acid (5.23 g, 25.02 mmol), NiCl2(dppe) (1.32 g, 2.50 mmol),
dppe (1.00 g, 2.51 mmol), and K3PO4 ( 10.61 g, 47.11 mmol). The flask was evacuated
for 10 min and back filled with N2 three times. Dry dioxane (40 mL) was added through
the septum and the reaction mixture was heated to 110 oC for 24 h. The reaction mixture
was cooled to room temperature, diluted with CH2Cl2 (50 mL) and filtered. The solvent
was removed under reduced pressure. The crude solid was purified by column
chromatography (silica gel, CH2Cl2) to provide a white solid (3.99 g, 80 % yield).
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Method C: Cross-coupling of 3,4-dimethoxy-1-bromobenzene with methyl 3-(4-(5,5dimethyl-1,3,2-dioxaborinan-2-yl)phenyl)propanoate using PdCl2(dppf) as catalyst using
previously reported procedure (92 % yield).

69

Purity (HPLC), 99+ %; mp 73-75 oC (lit

75 oC); 1H NMR (CDCl3, 500 MHz, δ, ppm): 2.66 (t, 2H, J = 7.7 Hz, g), 2.98 (t, 2H, J =
7.7 Hz, f), 3.69 (s, 3H, h), 3.92 (s, 3H, i or j), 3.94 (s, 3H, i or j), 6.94 (d, 1H, J = 8.3 Hz,
b), 7.09 (d, 1H, J = 2.2 Hz, a), 7.13 (dd, 1H, J1 = 8.3 Hz, J2 = 2.20 Hz, c), 7.25 (d, 2H, e),
7.48 ( d, 2H, d).
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C NMR (CDCl3, 125 MHz, δ, ppm): 30.77, 35.87, 56.15, 56.24,

110.80, 111.90, 119.51, 127.17, 128.87, 134.29, 136.27, 139.33, 148.87, 149.40, 173.46.
HRMS (CI) calcd. for C18H20O4 (M+): 300.1362, Found: 300.1348.

Methyl 3-(3',5'-dimethoxybiphenyl-4-yl)propanoate (10c). Method A: A two-neck round

bottom flask equipped with a reflux condenser was charged with 3,5-dimethoxyboronic
acid (5.67 g, 31.15 mmol), methyl 4-iodohydrocinnamate (6.02 g, 20.77 mmol), K3PO4
(13.22 g, 62.27 mmol), NiCl2(dppe) (0.54 g, 1.0 mmol) and dppe (0.41 g, 1.0 mmol). The
flask was evacuated for 10 min and back filled with N2 three times. Dry dioxane (40 mL)
was added through the septum and the reaction mixture was heated to 110 oC for 19h.
Once the reaction reached 110 oC a change in the color from carmine-yellow to green
was observed. The reaction ws cooled to room temperature. The reaction mixture was
filtered and the solids were washed copiously with CH2Cl2. The solvent was removed
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under reduced pressure and the crude solid was purified by column chromatography
(silica gel, hexanes:ethyl acetate 7:1) giving a white powder (4.48 g, 72 % yield).
Method B: A two neck round bottom flask equipped with a reflux condenser was charged
with

3,5-dimethoxy-1-bromobenzene

(1.14

g,

5.26

mmol),

4-(3-Methoxy-3-

oxopropyl)phenylboronic acid (1.53 g, 7.36 mmol), NiCl2(dppe) (0.28 g, 0.53 mmol),
dppe (0.21 g, 0.53 mmol), and K3PO4 ( 3.35 g, 15.78 mmol). The flask was evacuated for
10 min and back filled with N2 three times. Dry dioxane (40 mL) was added through the
septum and the reaction mixture was heated to 110 oC for 22 h. The reaction mixture was
cooled to room temperature, diluted with CH2Cl2 (50 mL) and filtered. The solvent was
removed under reduced pressure. The crude solid was purified by column
chromatography (silica gel, hexanes:ethyl acetate 7:1) giving a white powder (1.21 g, 77
% yield).
Method C: Cross-coupling of 3,5-dimethoxy-1-bromobenzene with methyl 3-(4-(5,5dimethyl-1,3,2-dioxaborinan-2-yl)phenyl)propanoate using PdCl2(dppf) as catalyst using
previously reported procedure (94 % yield).
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Purity (HPLC), 99+ %; mp 73 °C (lit 73

°C); 1H NMR (CDCl3, 500 MHz, δ, ppm): 2.66 (t, 2H, J = 7.7 Hz, f), 2.98 (t, 2H, J = 7.7
Hz, e), 3.69 (s, 3H, g), 3.84 (s, 6H, h), 6.45 (t, 1H, J = 2.2 Hz, a), 6.71 (d, 2H, J = 2.2 Hz,
b), 7.25 (d, 2H, J = 8.3 Hz, d), 7.50 (d, 2H, J = 8.3 Hz, c). 13C NMR (CDCl3, 500 MHz, δ,
ppm): 30.62, 35.63, 51.62, 55.43, 99.31, 105.44, 127.32, 128.67, 139.31, 139.99, 143.26,
161.59, 173.28. MALDI-TOF MS calc. For C18H20O4 (M+ + H): 301.14, Found: 301.37

213

Methyl 3’,4’,5’-trimethoxy-4-biphenylpropanoate (10d). Method A: A two-neck round
bottom flask equipped with a reflux condenser was charged with 3,4,5-trimethoxyboronic
acid (4.85 g, 22.8 mmol), methyl 4-iodohydrocinnamate (4.42 g, 15.2 mmol), K3PO4
(14.56 g, 68.62 mmol), NiCl2(dppe) (0.40 g, 0.7 mmol) and dppe (0.7 mmol, 0.30 g). The
flask was evacuated for 10 min and back filled with N2 three times. Dry dioxane (40 mL)
was added through the septum and the reaction mixture was heated to 110 °C for 17 h at
110 oC. Once the reaction reached 110 oC a change in the color from carmine-yellow to
green was observed. The reaction was cooled to room temperature. The reaction mixture
was filtered and the solid was washed copiously with CH2Cl2. The solvent was removed
under reduced pressure and the crude solid was purified by column chromatography
(silica gel, hexanes/ethyl acetate 7:1) as eluent giving white powder (4 g, 80 % yield).
Method B: A two neck round bottom flask equipped with a reflux condenser was charged
with 3,4,5-dimethoxy-1-bromobenzene (4.94 g, 20.00 mmol), 4-(3-Methoxy-3oxopropyl)phenylboronic acid (5.86 g, 28.02 mmol), NiCl2(dppe) (1.05 g, 2.00 mmol),
dppe (0.80 g, 2.01 mmol), and K3PO4 ( 12.74 g, 60.01 mmol). The flask was evacuated
for 10 min and back filled with N2 three times. Dry dioxane (40 mL) was added through
the septum and the reaction mixture was heated to 110 oC for 24 h. The reaction mixture
was cooled to room temperature, diluted with CH2Cl2 (50 mL) and filtered. The solvent
was removed under reduced pressure. The crude solid was purified by column
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chromatography (silica gel, hexanes/ethyl acetate 2:1) giving a white powder (5.33 g, 81
% yield).
Method C: Cross-coupling of 3,4,5-dimethoxy-1-bromobenzene with methyl 3-(4-(5,5dimethyl-1,3,2-dioxaborinan-2-yl)phenyl)propanoate using PdCl2(dppf) as catalyst using
previously reported procedure (93 % yield). 69 Purity (HPLC), 99+%; mp 72-73 oC (lit 73
°C); 1H NMR (CDCl3, 500 MHz, δ, ppm): 2.66 (t, 2H, J = 7.7 Hz, d), 2.99 (t, 2H, J = 7.7
Hz, e), 3.69 (s, 3H, f), 3.88 (s, 3H, h), 3.91 (s, 6H, g), 6.76 (s, 2H, a), 7.25 (d, 2H, J = 8.3
Hz, c), 7.47 (d, 2H, J = 8.3 Hz, b). 13C NMR (CDCl3, 126 MHz, δ, ppm): 31.34, 36.56,
52.23, 56.62, 99.42, 105.02, 115.87, 133.54 125.31, 129.26, 133.23, 161.71, 173.43.
HRMS (CI) calcd. for C19H22O5 (M+): 330.1467, Found: 331.1551.

Methyl

4’-hydroxy-4-biphenylpropanoate

(17a).

Methyl

4’-methoxy-4-

biphenylpropanoate (15.36 g, 56.8 mmol) was dissolved in 250 mL glacial acetic acid
and stirred at 60 oC. HBr (48 % w/w in water) (46 mL, 0.85 mol) was added in one
portion and the reaction mixture was heated to reflux at 120 oC under N2 until TLC
showed complete consumption of the starting material. The reaction was allowed to cool
to room temperature and precipitated over ice (1.25 L). The product was filtered to yield
an off-white precipitate which was washed with cold water. The crude product was
dissolved in 170 ml of CH3OH and H2SO4 (1 mL) was added. The reaction mixture was
heated to 75°C and refluxed for 7 h until TLC showed complete consumption of the
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starting material. The reaction was allowed to cool to room temperature. The solvent was
removed under reduced pressure and the concentrate was dissolved in CH2Cl2. The
organic layer was washed with saturated aqueous NaHCO3, brine and water. The washed
organics were dried over MgSO4 and the solvent was removed under reduced pressure.
Recrystallization from MeOH yielded 13.68 g of white crystals (94 %). mp 130 °C. 1H
NMR (CDCl3, 500 MHz, δ, ppm): 2.70 (t, 2H, J = 7.6 Hz, f), 3.02 (t, 2H, J = 7.6 Hz, e),
3.72 (s, 3H, g), 4.82 (s, 1H, h), 6.92 (d, 2H, J = 8.6 Hz, a), 7.20 (d, 2H, = 8.2 Hz, d), 7.48
(d, 2H, J = 8.6 Hz, b), 7.50 (d, 2H, J = 8.2 Hz, a) . 13C NMR (d6-Acetone, 125 MHz, δ,
ppm): 31.94, 36.86, 52.38, 56.43, 115.95, 128.11, 129.41, 130.45, 134.97, 140.23,
141.01, 157.94, 174.14.

Methyl 3’,4’-dihydroxy-4-biphenylpropanoate (17b). Methyl 3’,4’-dimethoxy-4biphenylpropanoate (2.67 g, 8.88 mmol) was dissolved in 100 mL glacial acetic acid and
stirred at 60 oC. HBr (48% w/w in water) (22 ml, 0.40 mol) was added in one portion and
the reaction mixture was heated to reflux at 120 oC under N2 until TLC showed complete
consumption of the starting material. The reaction was allowed to cool to room
temperature and poured over ice (500 mL). The product was filtered to produce an offwhite precipitate which was washed with cold water. The crude product was dissolved in
100 mL of CH3OH. 1 mL of H2SO4 was added and the reaction mixture was refluxed at
75 °C for 5 h until TLC showed complete consumption of the starting material. The
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reaction was allowed to cool to room temperature. The solvent was removed under
reduced pressure and the solids were redissolved in CH2Cl2. The organic layer was
washed with saturated aqueous NaHCO3, brine and water and dried over MgSO4.
Recrystallization from MeOH yielded 2.11 g of a white crystalline solid (87.3 %).1H
NMR (CDCl3, 500 MHz, δ, ppm ): 2.64 (t, 2H, J = 7.6 Hz, g), 2.96 (t, 2H, J = 7.6 Hz, f),
3.67 (s, 3H, h), 5.35 (bs, 2H, i or j), 6.89 (d, J = 8.2 Hz, 1H, b), 6.99 (dd, J = 8.2 Hz, J =
2.2 Hz, 1H, c), 7.08 (d, J=2.2 Hz, 1H, a), 7.21 (d, J=8.2 Hz, 2H, e), 7.42 (d, J=8.2 Hz,
2H, d),

13

C NMR (CDCl3, 125 MHz, δ, ppm): 31.3, 36.0, 51.6, 114.6, 116.5, 119.1,

127.2, 129.5, 133.8, 139.9, 140.0, 145.6, 146.2, 173.4.

Methyl 3’,5’-dihydroxy-4-biphenylpropanoate (17c). Methyl 3’,5’-dimethoxy-4biphenylpropanoate (3.86 g, 12.85 mmol) was dissolved in 100 ml glacial acetic acid and
stirred at 60 oC. HBr (48% w/w in water) (31.8 mL, 0.25 mol) was added in one portion
and the reaction mixture was heated to reflux at 120 oC under N2 until TLC showed
complete consumption of the starting material. The reaction was allowed to cool to room
temperature and poured over ice (500 mL). The product was filtered to produce an offwhite precipitate and was washed with cold water. The crude product was dissolved in
100 mL of CH3OH. 1 mL of H2SO4 was added and the reaction mixture was refluxed for
5 h until TLC showed complete consumption of the starting material. The reaction was
allowed to cool to room temperature and the solvent was removed under reduced
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pressure. The solids were redissolved in CH2Cl2. The organic layer was washed with
saturated aqueous NaHCO3, brine and water and dried over MgSO4. The solvent was
removed under reduced pressure and the concentrate were recrystallized from MeOH to
yield 3.18 g of white crystals (91 %). mp 159-160 oC; 1H NMR (d6-Acetone, 500 MHz, δ,
ppm): 2.65 (t, J=7.8 Hz, 2H, f), 2.93 (t, J=7.4 Hz, 2H, e), 3.61 (s, 3H, g), 6.34 (t, J=2.1
Hz, 1H, a), 6.59 (d, J=2.2 Hz, 2H, b), 7.29 (d, J=8.1 Hz, 2H, d), 7.48 (d, J=8.2 Hz, 2H,c),
8.29 (s, 2H, -OH)

13

C- NMR (CDCl3, δ, ppm): 31.20, 36.22, 52.20, 103.76, 110.02,

115.87, 133.54 127.91, 129.26, 133.23, 161.71, 173.43.

Methyl 3’,4’,5’-trihydroxy-4-biphenylpropanoate (17d). Methyl 3’,4’,5’-trimethoxy4-biphenylpropanoate (3 g, 9.08 mmol) was dissolved in 75 mL glacial acetic acid and
stirred at 60 oC. HBr (48 % w/w in water) (33 mL, 0.26 mol) was added in one portion
and the reaction mixture was heated at 120 oC under an inert atmosphere until TLC
showed complete consumption of the starting material. The reaction was allowed to cool
to room temperature and poured over ice (225 mL). The product was filtered to produce
an off-white precipitate. The crude product was dissolved in 100 mL of CH3OH. 1 mL of
H2SO4 was added and the reaction was refluxed at 75 °C for 5 h until TLC showed
complete consumption of the starting material. The reaction was allowed to cool to room
temperature and the solvent was removed under reduced pressure. The solids were
redissolved in CH2Cl2. The organic layer was washed with saturated NaHCO3, brine and
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water and dried over MgSO4. Recrystallization from MeOH yielded 2.25 g of white
crystals (86 %). mp 159-160 oC; 1H NMR (CDCl3, 500 MHz, δ, ppm): 2.66 (t, J = 7.6 Hz,
2H,e), 2.97 (t, J = 7.7 , 2H, d), 3.68 (s, 3H, f), 5.09 (bs, 2H, g), 5.16 (bs, 1H, h), 6.72 (s,
2H, a), 7.22 (d, J = 8.1 Hz, 2H, c),, 7.42 (d, J = 8.2 Hz, 2H, b). 13C NMR (CDCl3, 125
MHz, δ, ppm): 31.34, 36.56, 52.23, 99.42, 105.02, 115.87, 133.54, 137.23, 125.31,
129.26, 147.71, 173.43.

Methyl 4'-(dodecyl-1-oxy)-4-biphenylpropanoate [(4BpPr)12G0-CO2CH3] (18a). A
round-bottom flask was charged with 1-bromododecane (13.2 mL, 54.5 mmol), K2CO3
(25.9 g, 0.18 mol), and DMF (140 mL). The suspension was sparged with N2 for 30 min,
after which the reaction was heated to 80C and a solution of methyl 4’-hydroxy-4biphenylpropanoate (12 g, 46.82 mmol) in DMF (25 mL) was added dropwise over a
period of 30 min. The reaction was allowed to proceed for 24 h at 80C. The reaction
mixture was cooled to room temperature and poured into ice water. The crude product
was filtered and dried under air. The solids were dissolved in ethyl acetate and dried over
MgSO4. The solvent was removed under reduced pressure and the crude product was
purified by recrystallization from acetone. Yield 18.87 g (95 %). Purity (HPLC),

99+

%; mp 105 oC; 1H NMR (CDCl3, 500 MHz, δ, ppm): 0.86 (t, J = 6.9 Hz, 3H, l), 1.25 (bs,
16H, k), 1.45 (m, J = 7.3 Hz, 2H, j), 1.77 (m, J = 7.4 Hz, 2H, i), 2.65 (t, J = 8.2 Hz, 2H,
f), 2.96 (t, J = 8.0 Hz, 2H, c), 3.66 (s, 3H, a), 3.97 (t, J = 6.5 Hz, 2H, h), 6.93 (d, J = 8.6
219

Hz, 2H, g), 7.22 (d, J = 6.3 Hz, 2H, d), 7.45 (d, J = 6.8 Hz, 2H, e), 7.47 (d, J = 8.6 Hz,
2H, f);

13

C NMR (CDCl3, 125 MHz δ, ppm): 14.68, 23.27, 26.68, 29.93, 30.01, 30.18,

30.20, 30.23, 30.26, 32.52,. 33.60, 34.21, 34.77, 68.77, 109.51, 110.19, 115.46, 127.39,
128.53, 129.44, 133.93, 139.50, 159.32, 174.23. HRMS (CI) cald. C28H40O3: 424.2977;
found m/z: 424.2905 [M+].

4'-(Dodecyl-1-oxy)-4-biphenylpropanol [(4BpPr)12G0-CH2OH)] (19a). To a stirring
suspension of (1.34 g, 35.32 mmol) in dry THF (50 mL) at 0C was added a solution of
(4BpPr)12G0-CO2CH3 (10 g, 23.55 mmol) in dry THF (70 mL) dropwise via addition
funnel under N2. Following complete addition of (4BpPr)12G0-CO2CH3, the reaction
mixture was allowed to warm to room temperature and was stirred for an additional 5h at
which point the starting material was shown to be complete by TLC. The reaction
mixture was quenched via slow sequential addition of 1.4 mL H2O, 1.4 mL 15 % NaOH
aqueous solution and 4.2 mL of H2O and stirred for a further 30 min. The salts were
removed via filtration over Celite 545 and the filter cakes were washed copiously with
CH2Cl2. The filtrate was dried over MgSO4 and the solvent was removed and reduced
pressure. The crude product was recrystallized from acetone yielding white crystals 8.55
g (92 %). Purity (HPLC), 99+ %; mp 125 oC; 1H NMR (CDCl3, 500 MHz , δ, ppm): 0.86
(t, J=6.9 Hz, m), 1.22 (d, J=5.4 Hz, 1H, a), 1.25 (m, 16H, l), 1.46 (m, 2H, k), 1.77 (m,
2H, j), 1.91 (m, 2H, c), 2.72 (t, J = 7.5 Hz, 2H, d), 3.69 (m, J = 6.3 Hz, 2H, b) 3.97 (t, J =
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6.6 Hz, 2H, i), 6.94 (d, J = 8.8 Hz, 2H, h), 7.23 (d, J=8.4 Hz, 2H, e), 7.45 (d, J = 8.3 Hz,
2H, f), 7.47 (d, J = 8.8 Hz, 2H, g); 13C NMR (CDCl3, 125 MHz, δ, ppm): 14.66, 23.27,
26.67, 29.93,. 30.00, 30.18, 30.22, 32.28, 32.52, 34.82, 62.93, 68.77, 115.43, 127.31,
128.52, 129.38, 133.85, 139.10, 140.51, 159.32. HRMS (CI) calcd. for C27H40O2:
396.3028, found m/z: 396.3006 (M+).

4'-(Dodecyl-1-oxy)-4-biphenylpropyl bromide [(4BpPr)12G0-CH2Br] (20a). To a
stirring solution of (4BpPr)12G0-CH2OH (6 g, 15.1 mmol) in THF (70 mL), was added
PPh3 (4.85 g, 18.5 mmol). The reaction mixture was allowed to stir at room temperature
for 10 min under N2. NBS (3.24 g, 18.2 mmol) was added in one portion. The reaction
mixture was allowed to stir for 2 h and then precipitated in MeOH (400 mL). The
precipitate was collected and dried. The pure product was obtained via column
chromatography (silica gel, CH2Cl2/hexanes 1:1). Yield 6.51 g (94 %). Purity (HPLC),
99+ %; mp 85-86 oC; 1H NMR (CDCl3, 500 MHz , δ, ppm): 0.86 (t, J = 6.8 Hz, 3H, l).
1.24 (bs, 16H, k), 1.46 (m, 2H, j), 1.78 (m, 2H, i), 2.18 (m, 2H, b), 2.79 (t, J = 7.4 Hz,
2H, c), 3.41 (t, J = 6.6 Hz, 2H, a), 3.97 (t, J = 6.7 Hz, 2H, h), 6.94 (d, J = 8.8 Hz, 2H, g),
7.22 (d, J = 8.0 Hz, 2H, d), 7.46 (d, J = 8.1 Hz, 2H, e),7.47 (d, J = 8.6 Hz, 2H, f);

13

C

NMR (CDCl3, 125 MHz, δ, ppm): 14.31, 22.83, 26.24, 29.51, 29.49, 29.60, 29.71, 29.82,
32.13, 33.21, 33.69, 34.30, 68.22, 114.91, 126.90, 128.13, 129.08, 139.01, 139.04,
158.81. MALDI-TOF MS calc. for C52H87BrO4: 458.82; found m/z: 458.81 [M+].
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Methyl

3',4'-bis(dodecyl-1-oxy)-4-biphenylpropanoate

[(3,4BpPr)12G1-CO2CH3]

(18b). A round-bottom flask was charged with 1-bromododecane (13 mL, 53.98 mmol),
K2CO3 (42.63 g, 0.3 mol), and DMF (220 mL). The suspension was sparged with N2 for
30 min, after which the reaction was heated to 80 C and a solution of methyl 3',4'dihydroxybiphenyl-4-propanoate (7 g, 25.7 mmol) in DMF (55 mL) was added dropwise
via addition funnel over a period of 1 h. The reaction was allowed to proceed at 80 C for
24 h, after which the reaction was cooled to room temperature and poured into ice water.
The crude product was filtered and dried under air. The solids were dissolved in ethyl
acetate and dried over MgSO4. The solvent was removed at reduced pressure and the
crude product was purified by recrystallization from acetone. Yield 14.61 g (94 %).
Purity (HPLC), 99+ %; mp 75 oC; 1H NMR (CDCl3, 500 MHz, δ, ppm): 0.86 (t, J=7.0
Hz, 6H, m), 1.24 (bs, 32H, l), 1.45 (m, 4H, k),1.81 (m, 4H, j), 2.65 (t, J = 7.3 Hz, 2H, b),
2.96 (t, J = 7.4 Hz, 2H, c), 3.67 (s, 3H, a), 4.04-3.99 (m , 4H, i + n), 6.91 (d, J = 8.3 Hz,
1H, g), 7.07 (m, 2H, f + h), 7.22 (d, J = 7.7 Hz, 2H, d), 7.45 (d, J=8.2 Hz, 2H, e)

13

C

NMR (CDCl3, 125 MHz, δ, ppm): 14.02, 22.62, 26.02, 29.3, 29.34, 29.37, 29.39, 29.59,
29.6, 29.64, 30.52, 31.87, 35.63, 51.53, 69.45, 69.53, 113.3, 114.32, 119.47, 126.86,
128.55, 134.06, 138.98, 139.16, 148.83, 149.39, 173.98 . MALDI-TOF MS calc for
C40H64O4: 608.48, found m/z: 609.45 [M+H+].
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Methyl

3',4'-bis(dodecyl-1-oxy)-4-biphenylpropanol

[(3,4BpPr)12G1-CH2OH]

(19b). To a stirring suspension of LiAlH4 (0.71 g, 18.71 mmol) in dry THF (75 mL) at
0C was added a solution of (3,4BpPr)12G1-CO2CH3 (7.54 g, 12.38 mmol) in dry THF
(110 ml) and added dropwise under an inert atmosphere. Following complete addition of
(3,4BpPr)12G1-CO2CH3 the reaction mixture was allowed to warm to room temperature
and proceed for an additional 12h until all the ester was consumed according to TLC. The
reaction mixture was quenched with 0.71 ml H2O, 0.71 ml 15 % NaOH aqueous solution
and 2.13 ml of H2O and stirred for further 30 min. The salts were filtered over Celite 545.
The filtrate was dried over MgSO4, filtered and the solvent was removed under reduced
pressure. The crude product was recrystallized from acetone yielding white crystals (7.17
g, 99 % yield). Purity (HPLC), 99+%; mp 87 oC;1H NMR (CDCl3, 500 MHz, δ, ppm ):
0.88 (t, J = 6.7 Hz, 6H, n), 1.29 (m, 32H, m), 1.46 (m, 4H, l), 1.83 (m, 4H, k), 1.94 (m,
2H, c), 2.74 (t, J = 7.8, 2H, d), 3.71 (dt, J1 = 11.8 Hz J2 = 6.4 Hz, 2H, b), 4.04 (m, 4H, j +
o), 6.93 (d, J = 8.0 Hz, 1H, i), 7.08 (m, 2H, g + h), 7.24 (d, J = 8.3 Hz, 2H, e), 7.47 (d, J =
8.3 Hz, 2H, f);

13

C NMR (CDCl3, 125 MHz, δ, ppm): 14.45, 23.06, 26.47, 29.74,

29.8,29.83, 30.02, 30.03, 30.04, 30.08, 32.08, 32.31, 34.61, 62.71, 69.92, 69.98, 113.79,
114.82, 119.89, 127.21, 129.13, 134.64, 139.22, 140.72, 149.22, 149.83 MALDI-TOF
MS calc. for C39H64O3: 580.49; found m/z: 579.96 [M+].

223

Methyl 3',4'-bis(dodecyl-1-oxy)-4-biphenylpropyl bromide [(3,4BpPr)12G1-CH2Br]
(20b). To a stirring solution of (3,4BpPr)12G1-CH2OH (6.22 g, 9.56 mmol) in THF (45
mL), was added PPh3 (3.37g, 12.8 mmol). The reaction mixture was allowed to stir at RT
for 10 min. NBS (2.28 g, 12.81 equiv) was added in one portion. The reaction mixture
was allowed to stir for 2 h and then precipitated in MeOH (400 mL). The precipitate was
collected and dried. The pure product was obtained via column chromatography (silica
gel, CH2Cl2/hexane 2:1). Yield 6.85 g (99 %) . Purity (HPLC), 99+ %; mp 63 oC; 1H
NMR (CDCl3, 500 MHz, δ, ppm ): 0.86 (t, J = 7.0 Hz, 6H, m), 1.24 (bs, 32H, l), 1.45 (m,
4H, k), 1.81 (m, 4H, j), 2.18 (m, 2H, g), 2.79 (t, J = 7.2 Hz, 2H, f), 3.40 (t, J = 6.55 Hz,
2H, a), 4.05-3.99 (m, 4H, i,), 6.91 (d, J = 8.3 Hz, 1H, g), 7.07 (m, 2H, f + h), 7.22 (d, J =
7.7 Hz, 2H, d), 7.45 (d, J = 8.2 Hz, 2H, e); 13C NMR (CDCl3, 125 MHz, δ, ppm): 14.31,
22.83, 26.22, 29.52, 29.59, 29.78, 29.82, 29.90, 32.11, 33.20, 33.69, 34.32, 69.61 113.32,
114.30 119.58, 119.63, 127.11, 129.00, 134.23, 139.17, 139.24, 148.90, 149.51. MALDITOF MS calc. for C39H63BrO2: 642.40; found m/z: 642.01 [M+].
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Methyl

3',4',5’-tris(dodecyl-1-oxy)-4-biphenylpropanoate

[(3,4,5BpPr)12G1-

CO2CH3] (18d). To a solution of methyl 3’,4’,5’-trihydroxy-4-biphenylpropanoate (2.54
g, 8.80 mmol) in DMF (100 mL) was added K2CO3 (7.30 g, 52.8 mmol). The suspension
was sparged with N2 for 30 min, after which the reaction was heated to 85 C and 1Bromododecane (6.73 ml, 27.72 mmol) was added dropwise via syringe. The reaction
was allowed to proceed at 85C for 15 h, after which the reaction was cooled to room
temperature and poured into ice water. The product was extracted with CH2Cl2, dried
over MgSO4 and filtered. The solvent was removed at reduced pressure. The crude
product was purified via column chromatography (silica gel, hexanes/CH2Cl2, 2:1),
followed by recrystallization from MeOH (3) and acetone (1) to give the product as a
white amorphous solid. (6.25 g, 90 %). Purity (HPLC): 99+ %; mp. 35 °C; 1H NMR
(CDCl3, 500 MHz, δ, ppm): 0.86 (t, J=6.8 Hz, 9H, k) 1.24 (bs, 48H, j), 1.45 (m, 6H, i),
1.74 (m, 2H, h), 1.79 (m, 4H, h), 2.64 (t, J = 7.8 Hz, 2H, b), 2.96 (t, J = 7.9 Hz, 2H, c),
3.67 (s, 3H, a), 3.96 (t, J = 6.6 Hz, 2H, l), 4.00 (t, J = 6.6 Hz, 4H, g), 6.71 (s, 2H, f), 7.22
(d, J = 8.2 Hz, 2H, d), 7.44 (d, J=8.0 Hz, 2H, e). 13C NMR (CDCl3, 125 MHz, δ, ppm):
14.02, 22.58, 25.23, 30.51, 31.52, 35.57, 51.55, 56.19, 60.88, 104.47, 114.65, 127.14,
127.15, 128.61, 128.62, 136.88, 139.39, 139.64, 153.44, 173.18.MALDI-TOF MS calc.
for C52H88O5: 792.66; found m/z: 794.14 [M+H+].
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Methyl 3',4',5’-tris(dodecyl-1-oxy)-4-biphenylpropanol [(3,4,5BpPr)12G1-CH2OH]
(19d). To a stirring suspension of LiAlH4 (0.60 g, 15.76 mmol) in dry THF (20 mL)
under N2 at 0C was added a solution (3,4,5BpPr)12G1-CO2CH3 (6.25 g, 7.88 mmol)
was dissolved in dry THF (30 mL) dropwise via addition funnel.

Following complete

addition of (3,4,5BpPr)12G1-CO2CH3 the reaction was allowed to warm to room
temperature and proceed for 2h at which point the reaction was completed according to
TLC. The reaction mixture was quenched via slow sequential addition of 0.6 ml H2O, 0.6
ml 15 % aqueous NaOH and 1.8 ml of H2O and stirred for an additional 30 min. The salts
were filtered over Celite 545. The filtrate was dried over MgSO4 and the solvent was
removed under reduced pressure. The crude product was recrystallized from methanol
and minimal acetone to yield 5.98 g of white solid (99 %). Purity (HPLC): 99+ %; mp.
50 °C; 1H NMR (CDCl3, 500 MHz, δ, ppm): 0.86 (t, J = 6.7 Hz, 9H, l), 1.24 (bs, 49H, k +
a), 1.46 (m, 6H, j), 1.74 (m, 2H, i), 1.78 (m, 4H, I’), 1.91 (m, 2H, c), 2.73 (t, J = 7.9 Hz,
2H, d), 3.69 (m, 2H, a), 3.96 (t, J = 6.8 Hz, 2H, m), 4.02 (t, J = 6.5 Hz, 4H, h), 6.71 (s,
2H, g), 7.23 (d, J = 7.7 Hz, 2H, e), 7.45 (d, J = 7.7 Hz, 2H, f).

13

C NMR (CDCl3, 125

MHz, δ, ppm): 14.01, 22.93, 26.49, 28.71, 28.95, 29.06, 31.64, 33.1, 34.18, 62.87, 70.34,
72.67, 109.12, 128.27, 131.3, 133.31, 138.72, 141.69, 154.22. MALDI-TOF MS calc. for
C51H88O4: 764.67, found m/z: 765.65 [M+H+].
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Methyl 3',4',5’-tris(dodecyl-1-oxy)-4-biphenylpropyl bromide [(3,4,5BpPr)12G1CH2Br] (20d). To a 250-mL flask charged with (3,4,5BpPr)12G1-CH2OH (5.06 g, 6.61
mmol) in dry THF (75 mL) was added PPh3 (2.08 g, 7.93 mmol) and the reaction was
allowed to stir for 10 min under N2. NBS (1.41 g, 7.93 mmol) was then added portion
wise. After 2 h, the reaction mixture was poured into cold CH3OH (400 mL) and the
precipitate was collected. Column chromatography (silica gel, ethyl acetate/hexanes 1:3)
afforded the desired product as a white solid (5.22 g, 95 % yield): Purity (HPLC), 99+ %;
m.p. 33 °C; 1H NMR (CDCl3, 500 MHz, δ, ppm ): 0.88 (t, J = 7.0 Hz, 9H, k), 1.26 (bs,
48H, j), 1.46 (m, 6H, i), 1.76 (m, 2H, m), 1.81 (m, 4H, h), 2.19 (m, 2H, b), 2.81 (t, J=7.3
Hz, 2H, c), 3.42 (t, J=6.6 Hz, 2H, a), 3.98 (t, J = 6.5 Hz, 2H, l), 4.03 (t, J = 6.5 Hz, 4H,
g’), 6.73 (s, 2H, f), 7.23 (d, J=8.1 Hz, 2H, d), 7.46 (d, J=8.1 Hz, 2H, e). 13C NMR (CDCl3,
125 MHz, δ, ppm): 14.20, 22.80, 26.26, 26.29, 29.48, 29.51, 29.55, 29.63, 29.78, 29.82,
29.86, 29.88, 30.50, 32.00, 33.10, 33.70, 34.30, 69.50, 77.10, 76.80, 77.36, 106.20,
127.30,128.90, 153.50,. MALDI-TOF MS calc. for C51H87BrO3: 826.58, found m/z:
829.67 [M+H+].
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Methyl

3-(3',4',5'-tris(3-(4'-(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4-yl)

propanoate [(4BpPr-3,4,5BpPr)12G1-CO2CH3] (21a). A round-bottom flask was
charged with (4BpPr)12G0-CH2Br (2.37g, 5.58 mmol), K2CO3 (3 g, 21.7 mmol), and
DMF (100 mL). The suspension was sparged with N2 for 30 min, after which the reaction
was heated to 80 C and a solution of methyl 3’,4’,5’-trihydroxy-4-biphenylpropanoate
(0.5 g, 1.7 mmol) in DMF (10 mL) was added dropwise via addition funnel. The reaction
was allowed to proceed at 80 C for 18 h, after which the reaction was cooled to room
temperature and poured into ice water. The solids were filtered and dried under air. The
crude product was purified by gravity column chromatography (silica gel,
CH2Cl2/hexanes 8:1) resulting in 1.8 g of pale cream solid (73 %). Purity (HPLC), 99+
%; mp 132 oC; 1H NMR (CDCl3, 500 MHz, δ, ppm ): 0.86 (t, J = 6.5 Hz, 9H, r), 1.25 (bs,
48H, q), 1.44 (m, 6H, p), 1.77 (m, 6H, o), 2.16 (m, 6H, h + t), 2.63 (t, J = 7.8 Hz, 2H, b),
2.85 (t, J = 7.7 Hz, 4H, i), 2.93 (m, 4H, c + u), 3.66 (s, 3H, a), 3.94 (t, J = 6.7 Hz, 2H, z),
3.96 (t, J = 6.6 Hz, 4H, n), 4.07 (t, J = 6.1 Hz, 4H, g), 4.13 (t, J = 6.0 Hz, 2H, s), 6.71 (s,
2H, f), 6.89 (d, J = 8.8 Hz, 2H, y), 6.91 (d, J = 8.8 Hz, 4H, m), 7.12 (d, J = 8.0 Hz, 4H, j),
7.20 (d, J = 8.8 Hz, 2H, d), 7.25 (d, J = 8.8 Hz, 2H, v), 7.42 (m, 10H, e+ k + x + w ),
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7.47 (d, J = 8.4 Hz, 4H, l);

13

C NMR (CDCl3, 125 MHz, δ, ppm): 14.02, 22.62, 26.03,

26.04, 29.29, 29.3, 29.32, 29.37, 29.39, 29.54, 29.55, 29.55, 29.57, 29.58, 29.60, 29.61,
29.62, 29.63, 30.51, 31.02, 31.79, 31.87, 32.01, 32.08, 35.57, 51.54, 68.07, 68.09, 68.19,
72.87, 106.00, 109.54, 114.72, 114.75, 126.56, 126.65, 127.07, 127.83, 127.86, 128.55,
128.84, 128.85, 133.35, 133.43, 136.48, 137.82, 138.32, 138.55 ,139.32, 139.46, 139.84,
140.54, 153.16, 158.51, 158.57, 173.19; MALDI-TOF MS calc. for C97H130O8 [M+Na+]:
1445.97, found m/z: 1447.01 [M+Na+].

3-(3',4',5'-tris(3-(4'-(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4-yl)propan-1-ol
[(4BpPr-3,4,5BpPr)12G1-CH2OH] (21b). To a stirring suspension of LiAlH4 (0.05g,
1.31 mmol) in dry THF (10 mL) at 0C under N2 was added a solution of (4BpPr3,4,5BpPr)12G1-CO2CH3 (1.6g, 1.16 mmol) in dry THF (80 mL) dropwise via addition
funnel. Following complete addition of (4BpPr-3,4,5BpPr)12G1-CO2CH3, the reaction
was allowed to warm to room temperature and proceed for an additional 15h, at which
point the starting was consumed according to TLC. The reaction mixture was filtered
over Celite 545. The filtrate was dried over MgSO4 and concentrated. The crude product
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was purified by recrystallization from acetone yielding a white powder (1.4 g, 86 %).
Purity (HPLC), 99+ %; mp 145 oC; 1H NMR (CDCl3, 500 MHz, δ, ppm ): 0.86 (t, J = 6.9
Hz, 9H, s), 1.25 (bs, 49H, a + r), 1.43 (m, 6H, q), 1.78 (m, 6H, p), 1.88 (m, 2H, c), 2.17
(m, 6H, i + u), 2.71 (t, J = 7.8 Hz, 2H, d), 2.85 (t, J = 7.1 Hz, 4H, j), 2.93 (t, J = 7.1 Hz,
2H, v), 3.68 (m, 2H, b), 3.94 (t, J = 6.7 Hz, 2H, a’), 3.96 (t, J = 6.6 Hz, 4H, o), 4.08 (t, J
= 6.4 Hz, 4H, h), 4.13 (t, J = 6.3 Hz, 2H, t), 6.72 (s, 2H, g), 6.88 (d, J = 8.7 Hz, 2H, z),
6.91 (d, J = 8.8 Hz, 4H, n), 7.19 (d, J = 8.2 Hz, 2H, e), 7.21 (d, J = 8.2 Hz, 4H, k), 7.27
(d, J = 8.2 Hz, 2H, w), 7.42 (m, 10H, f+ l +x+ y), 7.45 (d, J = 6.8 Hz, 4H, m); 13C NMR
(CDCl3, 125 MHz, δ, ppm): 14.02, 22.62, 26.03, 26.04, 29.29, 29.30, 29.32, 29.37, 29.39,
29.54, 29.55, 29.55, 29.57, 29.58, 29.60, 29.61, , 29.62, 29.63, 30.51, 31.02, 31.79, 31.87,
32.01, 32.08, 35.57, 68.07, 68.09, 68.19, 72.87, 106.00, 109.54, 114.72, 114.75, 126.56,
126.65, 127.07, 127.83, 127.86, 128.55, 128.84, 128.85, 133.35, 133.43, 136.48, 137.82,
138.32, 138.55, 139.32, 139.46, 139.84, 140.54, 153.16, 158.51, 158.57; MALDI-TOF
MS calc. for C96H130O7 [M+Na+]: 1417.97, found m/z: 1417.66 [M+Na+] .
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4',4'',4'''-(3,3',3''-(4'-(3-Bromopropyl)biphenyl-3,4,5-triyl)tris(oxy)tris(propane-3,1diyl))tris(4-(dodecyloxy)biphenyl) [(4BpPr-3,4,5BpPr)12G1-CH2Br] (21c). To a
stirring solution of (4BpPr-3,4,5BpPr)12G2 – CH2OH (1.4 g, 1.0 equiv) in THF (20 mL),
was added PPh3 (0.31 g, 1.18 mmol). The reaction mixture was allowed to stir at room
temperature for 10 min under N2. NBS (0.21 g, 1.18 mmol) was added in one portion.
The reaction mixture was allowed to stir for 2 h and then precipitated in MeOH (300
mL). The precipitate was collected and dried. The pure product was obtained via column
chromatography (silica gel, CH2Cl2). Yield 1.1 g (75 %). Purity (HPLC), 99+ %; mp 130
o

C; 1H NMR (CDCl3, 500 MHz, δ, ppm ): 0.88 (t , J = 7.0 Hz, 9 H, r), 1.27 (bs, 48H, q),

1.46 (m, 6 H, p), 1.80 (m, 6H, o), 2.18 (m, 8H, b + h + t), 2.80 (t, J = 7.8 Hz, 2H, c), 2.87
( t, J = 7.4 Hz, 4H, i), 2.92 (t, J = 7.1 Hz, 2H, u), 3.41 (t, J = 6.5 Hz, 2 H, a), 3.97 (m,
6H, n + z), 4.09 (t, J = 6.3 Hz, 4H, g), 4.15 (t, J = 6.2 Hz, s), 6.74 (s, 2H, f), 6.94 (m, 6H,
m + y), 7.22 – 7.29 (m, 8H, d + j +v), 7.42-7.55 (m, 14H, e + k +l + w +x); 13C NMR
(CDCl3, 125 MHz, δ, ppm): 14.08, 21.17, 26.15, 26.18, 29.36, 29.39, 29.45, 29.52,
29.67, 29.75, 30.31, 30.88, 31.00, 31.15, 31.21, 31.24, 31.69, 34.11, 62.00, 68.21,
69.19, 73.35, 106.12, 113.24, 114.15, 119.43, 125.30, 126.28, 127.15, 128.26, 128.35,
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128.51, 128.77, 134.83,
139.52,

135.64,

136.29, 136.40, 137.64, 137.73,

138.63, 139.10,

140.39, 148.64, 149.27, 151.32, 153.43 MALDI-TOF MS calc. for

C96H129BrO6:1456.89, found m/z: 1457.05 [M+H+].

Methyl

3-(3',4'-bis(3-(4'-(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4-

yl)propanoate [(4BpPr-3,4BpPr)12G1-CO2CH3] (22a). A round bottom flask was
charged with (4BpPr)12G1-CH2Br (4g, 8.74 mmol), K2CO3 (6.9 g, 49.9 mmol), and
DMF (100 mL). The suspension was sparged with N2 for 30 min, after which the reaction
was heated to 80 C and a solution of methyl 3',4'-dihydroxy-4-biphenylpropanoate (1.13
g, 4.16 mmol) in DMF (50 mL)was added dropwise over a period of 1h. The reaction was
allowed to proceed at 80 C for 24 h, after which the reaction was cooled to room
temperature and poured into ice water. The solids were filtered and dried under air. The
crude product was purified by column chromatography (silica gel, CH2Cl2/hexanes 2:1)
followed by recrystallization (acetone /DCM (20:7)) to yield 4.16 g (93 %). Purity
(HPLC), 99+ %; m.p: 180 °C. 1H NMR (CDCl3, 500 MHz, δ, ppm ): 0.89 (t, J = 6.9 Hz,
6H, t), 1.26 (bs, 32H, s), 1.48 (m, 4H, r), 1.80 (m, 4H, q), 2.20 (m, 4H, j+v), 2.66 (t, J =
7.8 Hz, 2H, b), 2.90 (t, J = 7.5 Hz, 4H, k + w), 2.98 (t, J = 7.8 Hz, 2H, c), 3.69 (s, 3H, a),
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3.99 (t, J = 6.6, 4H, p), 4.10 (t, J = 6.3 Hz, 2H, i), 4.13 (t, J = 6.2 Hz, 2H, u), 6.95 (m, 5H,
o + h), 7.09 (m, 2H, f + g), 7.23 (d, J = 8.0 Hz, 2H, d), 7.26 (d, J = 8.1 Hz, 4H, l),7.46 (m,
10H, e + n + m ); 13C NMR (CDCl3, 125 MHz, δ, ppm): 14.01, 22.58, 22.61, 26.03, 29.28,
29.29, 29.36, 29.53, 29.54, 29.57, 29.60, 30.51, 30.98, 31.75, 31.86, 35.60, 51.52, 68.09,
68.42, 68.48, 113.44, 114.51, 114.75, 119.67, 126.64, 126.86, 127.85, 128.56, 128.84,
133.37, 134.30, 138.53, 139.02, 139.06, 139.95, 148.73, 149.31, 158.57, 173.22.
MALDI-TOF MS calc. for C70H92O6: 1028.69; found m/z: 1030.33 [M+H+].

3-(3',4'-Bis(3-(4'-(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4-yl)propan-1-ol
[(4BpPr-3,4BpPr)12G1-CH2OH] (22b). To a stirring suspension of LiAlH4 (0.36g, 9.71
mmol) in dry THF (10 mL) at 0C under N2 was added a solution of (4BpPr3,4BpPr)12G1-CO2CH3 (2.5 g, 2.42 mmol) in dry THF (220 mL) dropwise via addition
funnel. Following complete addition of 4BpPr-3,4BpPr)12G1-CO2CH3, the reaction was
allowed to warm to room temperature and proceed for an additional 18h at which point
all of the starting material was consumed according to TLC. The reaction mixture was
quenched via slow sequential addition of 0.4 ml H2O, 0.4 ml 15 % NaOH aqueous
solution and 1.2 ml of H2O and stirred for an additional 30 min. The salts were filtered
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over Celite 545. The filtrate was dried over MgSO4 and the solvent was removed at
reduced pressure. The crude product was purified by column chromatography (silica gel,
CH2Cl2 /hexanes 4:1) followed by precipitation from CH2Cl2:acetone to yield a white
powder 2.11 g (87 %). Purity (HPLC), 99+ %; mp 188 oC; 1H NMR (CDCl3, 500 MHz,
δ, ppm ): 0.89 (t, J = 6.9 Hz, 6H, u), 1.30 (m, 32H, t), 1.47 (m, 4H, s), 1.82 (m, 4H, r),
1.92 (dt, J1 = 13.7 Hz J2 6.4 Hz, 2H, b), 2.21 (m, 4H, k + w), 2.75 (t, J = 7.7 Hz, 2H, d),
2.90 (t, J = 7.5 Hz, 4H, l + x), 3.71 (dt, J1 = 11.8 Hz J2 = 6.3 Hz, 3H, b), 3.99 (t, J = 6.5
Hz, 4H, q), 4.10 (t, J = 6.3 Hz, 2H, j), 4.13 (t, J = 6.2, 2H, v), 6.94 (m, 5H, p + i), 7.11
(m, 2.0, 2H, g + h), 7.23 (d, J = 8.2, 2H, e), 7.26 (d, J = 8.2, 4H, m), 7.45 (m, 10H, f + n
+ o );

13

C NMR (CDCl3, 125 MHz, δ, ppm): 14.00, 22.61, 26.02, 29.27, 29.29, 29.36,

29.52, 29.54, 29.57, 29.59, 29.60, 30.98, 31.63, 31.74, 31.76, 31.85, 34.15, 62.26, 68.10,
68.43, 68.47, 113.45, 114.53, 114.75, 119.64, 126.63, 126.64, 126.77, 127.85, 128.71,
128.84, 133.38, 133.39, 134.43, 138.52, 138.53, 138.63, 139.96, 140.36, 148.67, 149.3,
158.56; MALDI-TOF MS calc. for C69H92O5: 1000.69, found m/z: 1001.96 [M+H+].

4',4''-(3,3'-(4'-(3-Bromopropyl)biphenyl-3,4-diyl)bis(oxy)bis(propane-3,1diyl))bis(4-(dodecyloxy)biphenyl) [(4BpPr-3,4BpPr)12G1-CH2Br] (22c). To a 100234

mL flask charged with (4BpPr-3,4,5BpPr)12G1-CH2Br (2.03 g, 2.03 mmol) in dry THF
(66 mL) was added PPh3 (0.64 g, 2.44 mmol) and the reaction was allowed to stir for 10
min under N2. NBS (0.44 g, 2.44 mmol) was then added portion wise. After 1 h, the
reaction mixture was poured into cold CH3OH (100 mL) and the precipitate was
collected. Column chromatography (silica gel, ethyl acetate/hexanes 1:3) afforded the
desired product as a white solid. (1.98 g, 92 % yield): Purity (HPLC), 99+ %; m.p. 181
°C (DSC); 1H NMR (CDCl3, 500 MHz, δ, ppm ): 0.89 (t, J = 6.8 Hz, 6H, t) , 1.28 (bs,
32H, s), 1.47 (m, 4H, r), 1.80 (m, 4H, q), 2.20 (m, 6H, b + j + v), 2.81 (t, J = 7.5 Hz, 2H,
c), 2.91 (t, J = 7.6 Hz, 4H, k + w), 3.42 (t, J = 6.6 Hz, 2H, a), 3.99 (t, J = 6.5 Hz, 4H, p),
4.11 (t, J = 6.3 Hz, 2H, i), 4.14 (t, J = 6.3 Hz, 2H, u), 6.94 (d, J = 8.5 Hz, 4H, o), 6.96 (d,
J = 8.6 Hz, 1H, h), 7.11 (m, 2H, f + g), 7.23 (d, J = 7.2 Hz, 2H, d), 7.27 (d, J = 7.2 Hz
,4H, l), 7.47 (m, 10H, e + m +n)

13

C NMR (CDCl3, 125 MHz, δ, ppm): 14.30, 22.82,

26.21, 29.53, 29.58, 29.62, 29.77, 29.79, 29.83, 31.20, 31.90, 32.12, 33.68, 34.32, 68.21,
68.48, 68.51, 113.42, 114.52, 114.89, 119.81, 126.79, 127.10, 129.14, 133.51, 134.42,
138.72, 139.11, 139.32, 140.12, 148.83, 149.44, 158.72; MALDI-TOF MS calc. for
C69H91BrO4: 1062.61, found m/z: 1065.21 [M+H+].
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Methyl 3-(3',4',5'-tris(3-(3',4',5'-tris(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4yl)propanoate [(3,4,5BpPr)212G2-CO2CH3] (23a). A round bottom flask was charged
with (3,4,5BpPr)12G1-CH2Br (5.1g, 6.16 mmol), K2CO3 (1.62 g, 11.7 mmol), and DMF
(40 mL). The suspension was sparged with N2 for 30 min at room temperature. The
reaction mixture was heated to 80 °C and a solution of methyl 3’,4’,5’-trihydroxy-4biphenylpropionoate (0.56 g, 1.96 mmol) in DMF (40 mL) dropwise via addition funnel.
The reaction mixture was allowed to proceed at 80 °C for 24 h. The reaction mixture was
cooled to room temperature and precipitated in ice water. The solids were collected and
dried under air. The crude product was purified via silica gel chromatography (ethyl
acetate/hexanes 1:9) to give the desired product (4.12 g, 83 %) as a waxy solid. Purity
(HPLC): 99+ %; mp 35 °C (DSC); 1H NMR (CDCl3, 500 MHz, δ, ppm,): 0.88 (2t, J=6.7
Hz, 27H, m), 1.26 (bs, 144H, l), 1.47 (m, 18H, k), 1.77 (m, 18H, j), 2.18 (m, 6H, h + s),
2.65 (t, J=7.5 Hz, 2H, b), 2.87 (t, J=7.6 Hz, 4H, i), 2.97 (m, 4H, c + t), 3.67 (s, 3H, a),
3.95-4.02 (m, 18H, m), 4.09 (t, J=6.2 Hz, g), 4.16 (t, J=6.3 Hz, 2H, r), 6.71 (s, 2H, f or
w), 6.72 (s, 4H, l), 6.74 (s, 2H, f or w), 7.21-7.24 (m, 6H, j + u), 7.29 (d, J=8.3 Hz, 2H,
d), 7.45 (m, 8H, e + k + v); 13C NMR (125 MHz, CDCl3, , ppm): 14.09, 22.67, 26.13,
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26.15, 29.35, 29.38, 29.43, 29.47, 29.64, 29.69, 29.75, 30.38, 30.50, 31.03, 31.80, 31.91,
35.58, 51.61, 68.05, 69.21, 72.73, 73.51,
128.81, 136.32, 136.55,

105.80, 126.95, 127.04, 127.09, 128.62,

137.54, 137.76, 137.81,

139.20, 140.33, 153.15, 153.29,

173.22;. MALDI -TOF: Calculated for C169H274O14: 2528.07, found m/z:2529.34 [M+H+].

3-(3',4',5'-Tris(3-(3',4',5'-tris(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4yl)propan-1-ol [(3,4,5BpPr)212G2-CH2OH] (23b). To a stirring suspension of LiAlH4
(86.4 mg, 2.28 mmol) in THF (10 mL) at 0 °C under N2, was added a solution of
(3,4,5BpPr)212G2-CO2CH3 (3.84g, 1.52 mmol) in THF (30 mL) dropwise via addition
funnel. Following complete addition of (3,4,5BpPr)212G2-CO2CH3, the reaction mixture
was allowed to warm to room temperature. The reaction mixture was allowed to stir for
an additional 3h at room temperature at which point the starting material was completely
consumed according to TLC. The reaction mixture quenched via sequential slow addition
of 86.4 μL of H2O, 86.4 μL of 15 % aqueous NaOH, and 260 μL of H2O. The reaction
mixture was filtered and washed copiously with CH2Cl2. The filtrate was dried over
MgSO4 and the solvent removed under reduced pressure. The crude product was purified
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via column chromatography (silica gel, gradient ethyl acetate/hexanes 1:9 to 1:4) to yield
a white solid (3.45 g, 91 %). Purity (HPLC): 99+ %. Mp 76 °C (DSC); 1H NMR (CDCl3,
500 MHz, δ, ppm,): 0.88 (t , J = 6.7 Hz, 27H, r), 1.26 (bs, 145H, a + q), 1.47 (m, 18H,
p), 1.77 (m, 18H, o), 1.88 (m, 2H, c), 2.18 (m, 6H, i + u), 2.71 (t, J = 8.1 Hz, 2H, d), 2.87
(t, J = 7.6 Hz, 4H, j), 2.97 (t, J = 7.9 Hz, 2H, v), 3.69 (m, 2H, b), 3.95-4.02 (m, 18H, n),
4.09 (t, J = 6.2 Hz, h), 4.15 (t, J = 6.3 Hz, 2H, t), 6.71 (s, 2H, g or y), 6.72 (s, 2H, g or y),
6.72 (s, 4H, m), 7.19 (d, J = 8.0 Hz, 2H, w), 7.21-7.24 (d, J = 8.2 Hz, 4H, k), 7.29 (d, J =
8.0 Hz, 2H, e), 7.39 (d, 2H, J = 8.0 Hz, f), 7.45 (m, 6H, l + x);

13

C NMR (CDCl3, 125

MHz, , ppm,): 14.10, 22.69, 26.14, 29.36, 29.39, 29.46, 29.48, 29.66, 29.70, 29.70,
29.76, 30.39, 30.98, 31.67, 31.78, 31.93, 32.12, 34.21, 62.26, 68.01, 69.24, 72.74, 73.52,
73.53, 105.84, 126.94, 127.05, 128.74, 128.85, 136.35, 136.44, 136.66, 137.52, 137.79,
137.81, 138.79, 139.03, 139.20, 140.35, 140.95, 141.14, 153.13, 153.31, 153.32;
MADLI-TOF MS calc. for C168H274O13: 2500.08,

found m/z: 2499.92 [M+].
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Methyl

3-(3',4',5'-tris(3-(3',4',5'-tris(3-(3',4',5'-tris(dodecyloxy)biphenyl-4-

yl)propoxy)biphenyl-4-yl)propoxy)biphenyl-4-yl)propanoate

[(3,4,5BpPr)312G3-

CO2CH3] (27a). To a stirring solution of (3,4,5BpPr)212G2-CH2OH (3.1g, 1.24 mmol) in
THF (30 mL) at room temperature, was added PPh3 (386 mg, 1.47 mmol). The reaction
mixture was allowed to stir at room temperature for 10 min, under N2. NBS (262 mg,
1.47 mmol) was added in one portion. The reaction mixture was allowed to stir for 2.5h
and then precipitated in MeOH (250 mL). The precipitate was collected and dried. The
crude solid was subjected to column chromatography (silica gel, ethyl acetate/hexanes
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1:9). Yield (1.83 g, 58%). Due to co-migration of residual PPh3 this product was used
directly without further purification or analysis. A round bottom flask was charged with
(3,4,5BpPr)212G2-CH2Br (1.78, 0.70 mmol), K2CO3 (336 mg, 2.43 mmol), and DMF (75
mL). The suspension was sparged with N2 at room temperature for 30 min. The reaction
mixture was heated to 80 °C and a solution of methyl 3’,4’,5’-trihydroxy-4biphenylpropionoate (57.3 mg, 0.20 mmol) in DMF (30 mL) was added dropwise via
addition funnel. The reaction mixture was allowed to stir at 80 °C for 38h. The reaction
mixture was cooled to room temperature and precipitated in ice water. The solids were
collected and dried. The crude product was purified via column chromatography (silica
gel, 1:9 ethyl acetate: hexanes.) to provide a waxy solid (890mg, 58 %). An analytically
pure sample prepared via size exclusion chromatography on sephadex. Purity (HPLC):
99+ %; mp 76 °C (DSC); 1H NMR (CDCl3, 500 MHz, δ, ppm,): 0.88 (m, 81H, i’), 1.26
(m, 432 H, h’), 1.46 (m, 54H, g’), 1.77 (m, 54 H, f’), 2.16 (m, 24H, h = n + t), 2.63 ( t, J
= 7.58 Hz, b), 2.86 (m, 16H, i + o), 2.97 (m, 10 H, c + u + a’), 3.65 (s, 3H, a), 3.99 (m,
54H, a), 4.09 (m, 16H, e’), 4.14 (m, 8H, s + y), 6.70-6.75 (m, 26H, f + l + r + x + d’),
7.20-7.30 (m, 26H, d +j + p + v + b’ ), 7.42 (m, 26H, e + k + q + w + c’). 13C NMR
(125 MHz, CDCl3, , ppm, TMS): 14.08, 22.68, 26.17, 29.36, 29.38, 29.46, 29.53, 29.66,
29.70, 29.76, 30.43, 31.21, 31.83, 31.92, 32.15, 32.22, 35.57, 51.56, 68.34, 69.30, 72.82,
73.53, 76.75, 77.00, 77.25, 106.00, 126.97, 127.05, 128.64, 128.79, 128.83, 128.89,
128.92, 136.34, 137.96, 138.01, 139.06, 139.24, 140.44, 141.13, 153.25, 153.36, 173.13.
MADLI-TOF MS calc. for C520H832O41: 7734.30, found m/z:7736.38 [M+H+].
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3-(3',4',5'-Tris(3-(3',4',5'-tris(3-(3',4',5'-tris(dodecyloxy)biphenyl-4yl)propoxy)biphenyl-4-yl)propoxy)biphenyl-4-yl)propan-1-ol [(3,4,5BpPr)3 12G3CH2OH] (27b). To a stirring suspension of LiAlH4 (3.0 mg,78 mol) in THF (2 mL) at 0
°C under N2, was added a solution of (3,4,5BpPr)312G3-CO2CH3 (300 mg, 39 mol) in
THF (2 mL) dropwise via addition funnel. Following complete addition of
(3,4,5BpPr)312G3-CO2CH3, the reaction mixture was allowed to warm to room
temperature. The reaction mixture was allowed to stir for an additional 5h at room
temperature, at which point the starting material was completed consumed according to
TLC. The reaction mixture was quenched via slow sequential addition of 3.0 μL of H2O,
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3.0 μL of 15 % aqueous NaOH, and 9.0 μL of H2O. The reaction mixture was filtered and
the solids were washed copiously with CH2Cl2. The filtrate was dried over MgSO4 and
the solvent was removed at reduced pressure. The crude product was purified via column
chromatography (silica gel, ethyl acetate/ hexanes 1:7) to provide a white waxy solid.
Yield 250 mg (84 %). Analytically Pure Sample Prepared via size exclusion
chromatography on sephadex.Purity (HPLC): 99+ %. mp 97 °C (DSC); 1H NMR (CDCl3,
500 MHz, δ, ppm,): 0.88 (m, 81H, j’), 1.26 (m, 433 H, a + i’), 1.46 ( m, 54 H, h’), 1.77
(m, 54 H, g’), 2.16 (m, 26H, c + i + o + u + a’), 2.68 ( t, J = 7.6 Hz, d), 2.86 (m, 16H, j
+ p), 2.97 (m, 8H, v + b’), 3.68 (t, 2H, b), 3.99 (m, 54H, f’), 4.09 (m, 16H, h + n), 4.14(
m, 8H, t + z), 6.70-6.75 (m, 26H, g + m + s + y + e’), 7.20-7.30 (m, 26H, e + k + q + w
+ c’), 7.42 (m, 26H, f + l + r + x + d’),

13

C NMR (CDCl3, 125 MHz, , ppm): 14.08,

22.68, 26.17, 29.36, 29.39, 29.46, 29.53, 29.66, 29.71, 29.76, 30.43, 31.19, 31.78, 31.93,
32.15, 32.21, 34.25 62.21, 68.09, 68.33, 69.30, 72.83, 73.53, 76.75, 77.00, 77.26, 105.99,
126.92, 126.97, 127.05, 128.79, 128.83, 128.92, 136.34, 136.43, 136.68, 137.70, 138.00,
139.06, 139.24, 140.44, 140.53, 141.12, 153.16, 153.25, 153.36; MADLI-TOF MS calc.
for C519H832O40: 7706.31, found m/z: 7706.50 [M+].
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3-(3',4',5'-tris(3-(3',4'-bis(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4-

yl)propanoate [(3,4PBP-3,4,5PBP)12G2-CO2CH3] (24a). A round bottom flask was
charged with (3,4PBP)12G1-CH2Br (9.72g, 15.1), K2CO3 (7.94 g, 57.5 equiv), and DMF
(200 mL). The suspension was sparged with N2 for 30 min and the reaction mixture was
heated at 80 °C and a solution of methyl 3’,4’,5’-trihydroxy-4-biphenylpropionoate (1.38
g, 4.79 ) in DMF (40 mL) was added dropwise via addition funnel. The reaction mixture
was allowed to proceed at 80 °C for 30h. The reaction mixture was cooled to room
temperature and poured into ice water. The solids were filtered and dried under air. The
crude product was purified via column chromatography on (silica gel, gradient elution
with CH2Cl2/Hexanes 2:1 to 4:1) followed by recrystallization from acetone. Yield 7.29 g
(77 %). Purity (HPLC): 99+ %, mp 100 °C (DSC); 1H NMR (CDCl3, 500 MHz δ, ppm):
0.89 (t, J=7.1 Hz, 18H, s), 1.27 (m, 96H, r), 1.48 (m, 12H, q), 1.81 (m, 12H, p), 2.19 (m,
6H, h), 2.66 (t, J=7.6 Hz, 2H, b), 2.88 (t, J=7.6 Hz, 4H, i), 2.99-2.96 (m, 4H, c + w), 3.69
(s, 3H, a), 4.02 (t, J=7.9 Hz, 6H, o), 4.04 (t, J=6.9 Hz, 6H, t), 4.11 (t, J=6.0 Hz, 4H, g),
4.17 (t, J=6.1 Hz, 2H, u), 6.75 (s, 2H, f), 6.89 (d, J=8.4 Hz, 1H, Ar-H, b’), 6.92 (d, J=8.3
Hz, 2H, n), 7.10-7.04( m, 6H, l + m + z + a’), 7.23-7.27 (m, 6H, j + x), 7.29 (d, J=7.8
243
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Hz, 2H, d), 7.46-7.44 (m, 8H, e + k +y).

C NMR (CDCl3, 125 MHz, δ, ppm): 14.27,

22.85, 26.24, 29.53, 29.62, 29.82, 29.87, 30.69, 31.22, 32.09, 32.25, 32.32, 35.77, 51.78,
68.25, 69.54, 69.57, 69.60, 73.01, 106.01, 113.21, 113.24, 114.29, 119.58, 126.90,
126.98, 127.3, 128.78, 129.02, 134.25, 134.34, 136.70, 137.79, 138.77, 138.97, 139.49,
139.68, 140.16, 140.89, 148.80, 139.68, 140.16, 140.89, 148.80, 148.86, 149.47, 153.33,
173.4. MALDI-TOF MS calc. for C133H202O11: 1975.52, Found m/z: 1977.47 [M+H+].
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3-(3',4',5'-Tris(3-(3',4'-bis(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4-yl)propan1-ol [(3,4PBP-3,4,5PBP)]12G2-CH2OH] (24b). To a suspension of LiAlH4 (202 mg,
5.32 mmol) in THF (25 mL) at 0 °C under N2 was added a solution (3,4BpPr(3,4,5BpPr)12G2-CO2CH3 (7.01g, 3.55 mmol) in THF (50 mL) dropwise via addition
funnel. Following complete addition of (3,4BpPr-(3,4,5BpPr)12G2-CO2CH3, the reaction
mixture was allowed to warm to room temperature and allowed to stir for an additional
15h, at which point the starting material was completely consumed according to TLC.
The reaction mixture was quenched via slow sequential addition of 0.20 mL of H2O, 0.20
mL of 15 % aqueous NaOH, and 0.60 mL of H2O. The salts were filtered.. The filtrate
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was dried with MgSO4 and the solvent removed at reduced pressure. The pure was
obtained by column chromatography (silica gel,CH2Cl2) followed by recrystallization
from minimal CH2Cl2 in acetone. Yield 6.24 g (91 %). Purity (HPLC): 99+ %. mp 129
°C, 1H NMR (CDCl3, 500 MHz, δ, ppm): 0.88 (t, J=6.6 Hz, 18H, t), 1.26 (m, 97H, a + s),
1.47 (m, 12H, r), 1.81 (m, 12H, q), 1.89 (m, 2H, c), 2.18 (m, 6H, i), 2.72 (t, J=7.3 Hz,
2H, d), 2.87 (t, J=7.6 Hz, 4H, j), 2.96 (t, J=7.1 Hz, 2H, x), 3.69 (q, J=6.1 Hz, 2H, b), 4.01
(m, 12H, p + u), 4.10 (t, J=6.2 Hz, 4H, h), 4.16 (t, J=6.2 Hz, 2H, v), 6.73 (s, 2H, Ar-H,
g), 6.88 (d, J = 8.3 Hz, 1H, c’), 6.91 (d, J=8.3 Hz, 2H, o), 7.03-7.09 (m, 6H, n +m + a’ +
b’), 7.20 (d, J=8.1 Hz, 2H, e), 7.24 (d, J=8.2 Hz, 4H , k), 7.29 (d, J=8.1 Hz, 2H, y), 7.41
(d, J=8.1 Hz, 2H, f), 7.43 (d, J=8.0 Hz, 2H, z), 7.45 (d, J=8.1 Hz, 4H, l).

13

C NMR

(CDCl3, 125 MHz, δ, ppm,): 14.11, 22.69, 26.08, 29.37, 29.46, 29.66, 29.71, 31.03,
31.67, 31.80, 31.93, 32.09, 32.16, 34.29, 62.27, 68.07, 69.41, 69.46, 72.86, 76.75, 77.00,
77.25, 105.82, 113.06, 113.09, 114.16, 119.44, 126.74, 126.83, 126.98, 128.75, 128.88,
134.11, 138.61, 138.80, 140.01, 140.75, 148.70, 149.32, 153.15. MALDI-TOF MS calc.
for C132H202O10 1947.53, found m/z: 1948.21 [M+H+].
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4',4'',4'''-(3,3',3''-(4'-(3-Bromopropyl)biphenyl-3,4,5-triyl)tris(oxy)tris(propane-3,1diyl))tris(3,4-bis(dodecyloxy)biphenyl) [(3,4BpPr-3,4,5BpPr)12G2-CH2Br] (24c). To
a stirring solution of (3,4BpPr-3,4,5BpPr)12G2 –CH2OH (6.0g, 3.08 mmol) in THF (50
mL), was added PPh3 (0.97 g, 3.70 mmol). The reaction mixture was allowed to stir at
room temperature for 10 min. NBS (0.66 g, 3.71 mmol) was added in one portion. The
reaction mixture was allowed to stir for 2.5 h and then precipitated in cold MeOH (250
mL). The precipitate was filtered and dried. The pure product was obtained via column
chromatography (silica gel, CH2Cl2). Yield 5.13 g (83 %). Purity (HPLC): 99+ %. mp 95
°C; 1H NMR (CDCl3, 500 MHz, δ, ppm,): 0.88 (t, J=6.6 Hz, 18H, s), 1.26 (m, 96H, r),
1.47 (m, 12H, q), 1.81 (m, 12H, p), 2.18 (m, 8H, a + h), 2.79 (t, J=7.3 Hz, 2H, c), 2.87 (t,
J=7.6 Hz, 4H, i), 2.96 (t, J=7.1 Hz, 2H, u), 3.41 (t, J=6.4 Hz, 2H, a), 4.01 (m, 12H, o),
4.10 (t, J=6.3 Hz, 4H, g), 4.16 (t, J=6.2 Hz, 2H, u), 6.73 (s, 2H, f), 6.88 (d, J=8.2 Hz, 1H,
b’), 6.91 (d, J=8.3 Hz, 2H, n), 7.03-7.09 (m, 6H, z + a’), 7.20 (d, J=7.9 Hz, 2H, Ar-H G1
d), 7.23 (d, J=8.1 Hz, 4H , j), 7.29 (d, J=7.9 Hz, 2H, x), 7.45 (m, 8H, e + k +y); 13C NMR
(CDCl3, 125 MHz, δ, ppm,): 14.09, 22.69, 26.11, 29.37, 29.47, 29.67, 29.72, 31.08,
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31.85, 31.94, 32.11, 32.16, 32.94, 33.60, 34.11, 68.22, 69.50, 69.56, 72.88, 106.04,
113.31, 114.36, 119.50, 126.76, 126.84, 127.12, 128.89, 134.20, 136.56, 138.86, 139.27,
139.55, 140.03, 148.83, 149.44, 153.23 MALDI-TOF MS calc. for C132H201BrO9
2009.45, found m/z: 2011.15 [M+H+].
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3-(3',4',5'-tris(3-(3',4',5'-tris(3-(3',4'-bis(dodecyloxy)biphenyl-4-

yl)propoxy)biphenyl-4-yl)propoxy)biphenyl-4-yl)propanoate

[(3,4BpPr-

(3,4,5BpPr)2)12G3-CO2CH3] (28a). A round bottom flask was charged with (3,4BpPr3,4,5BpPr)12G2-CH2Br (3.66g,1.82 mmol), K2CO3 (0.96 g, 6.95 mmol), and DMF (75
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mL). The suspension was sparged with N2 for 30 min, after which the reaction mixture
was heated to 80 °C was and a solution of of methyl 3’,4’,5’-trihydroxy-4biphenylpropionoate (166 mg, 0.58 mmol ) in DMF (15 mL) was added dropwise via
addition funnel. The reaction mixture was allowed to stir at 80 °C for 41 h, after which
the reaction mixture was cooled to room temperature and poured into ice water. The
solids were collected and dried. The pure product was obtained via column
chromatography (silica gel, gradient CH2Cl2/Hexanes 2:1 to 4:1) followed by three
recrystallizations from minimal CH2Cl2 in acetone. Yield 2.65 g (76 %). Purity (HPLC):
99+ %. mp 156 °C 1H NMR (CDCl3, 500 MHz, δ, ppm,): 0.88 (m, 54 H, m’), 1.26 (m,
288H, l’), 1.46-1.49 (m, 36H, k’), 1.82-1.86 (m, 36H, j’), 2.18-2.19 (m, 24H, h + n + v+
d’), 2.66 (t, J = 7.6 Hz, 2H, b), 2.84-2.89 (m, 16H, i + o), 2.95-2.98 (m, 10H, c + w + e’
), 3.68 (s, 3H, a), 4.00-4.02 (m, 36H, i’), 4.11 (t, J = 6.0 Hz, 16H, g + m), 4.17 (m, 8H, u
+ c’), 6.76-6.77 (2s, 8H, f + l + h’), 6.87-6.91 (m, 9H, t +b’), 7.04-7.07 (m, 9H, a’ + s’),
7.11 (t, J=2.2Hz, 9H, r + z), 7.22-7.26 (m, 16H, j + p), 7.27-7.32 (m,10H, d +x + f’),
7.43-7.45 (m, 26H, e + k + q + g’),

13

C NMR (CDCl3, δ , ppm, TMS): 14.08, 22.68,

26.10, 29.36, 29.45, 29.47, 29.66, 29.71, 30.54, 31.05, 31.19, 31.85, 31.93, 32.15, 32.22,
35.58, 51.58, 68.19, 68.32, 69.45, 69.52, 72.79, 72.92, 105.98, 113.24, 114.30, 119.48,
126.73, 126.81, 126.98, 127.06, 127.09, 128.64, 128.82, 128.87, 128.92, 134.16, 134.25,
136.58, 136.63, 136.73, 137.75, 137.80, 138.61, 138.81, 138.86, 139.05, 139.29, 139.62,
140.08, 140.51, 140.75, 141.29, 148.74, 148.80, 149.41, 153.23, 173.16. MALDI-TOF
MS calc. C412H616O32: 6099.65 [M+Na], found m/z: 6102.83 [M+Na].
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3-(3',4',5'-Tris(3-(3',4',5'-tris(3-(3',4'-bis(dodecyloxy)biphenyl-4yl)propoxy)biphenyl-4-yl)propoxy)biphenyl-4-yl)propan-1-ol

[(3,4BpPr-

(3,4,5BpPr)2)12G3-CH2OH] (28b). To a stirring suspension of LiAlH4 (9.4 mg, 25
mol) in THF (5 mL) at 0 °C under N2, was added a solution of (3,4BpPr(3,4,5BpPr)2)12G3-CO2CH3 in THF (7.5 mL) slowly via addition funnel. Following
complete addition of (3,4BpPr-(3,4,5BpPr)2)12G3-CO2CH3 (1.00g, 0.16 mmol), the
reaction mixture was allowed to warm to room temperature. The reaction mixture was
allowed to stir for an additional 4h at room temperature, at which point the starting
material was shown to be completely consumed according to TLC. The reaction mixture
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was quenched via slow sequential addition of 9.4 μL of H2O, 9.4 μL of 15 % aqueous
NaOH, and 28.2 μL of H2O. The reaction mixture was filtered and washed copiously
with CH2Cl2. The filtrate was dried with anhydrous MgSO4 and the solvent was removed
under reduce pressure. The pure product was obtained by recrystallization from minimal
CH2Cl2 in acetone. Yield (0.94 g, 94 %)..Purity (HPLC): 99+ %. 169 °C 1H NMR
(CDCl3, 500 MHz, δ, ppm,):0.88 (m, 54H, n’), 1.26 (m, 289H, a + m’ ), 1.46 (m, 36H,
l’), 1.80 (m, 36H, k’), 1.86 (m,2H, c), 2.16 (m, 24H, J = o + w +e’), 2.69 (t, J=7.0 Hz,
2H, d), 2.85 (m, 16H, j + r), 2.95 (m, 8H, x + f’), 3.66 (q, J=5.9 Hz, 2H, b), 4.00 (m,
36H, j’), 4.07 (m, 16H, h + n ), 4.15 (m, 8H, v + d’), 6.74 (m, 8H, g + m + i’), 6.87 (m,
9H, u + c’), 7.01- 7.09 (m, 18H, s + t + a’ + b’), 7.21-7.29 (m, 26H, e + k + q + y +
g’), 7.41-7.43 (m, 26H, f + l + r + z +h’); 13C NMR (125 MHz, CDCl3, , ppm): 14.08,
22.68, 26.11, 29.37, 29.48, 29.67, 29.72, 30.99, 31.19, 31.69, 31.81, 31.93, 32.15, 32.21,
34.23, 62.24, 68.13, 68.34, 69.48, 69.54, 72.79, 72.94, 105.99, 113.28, 114.33, 119.50,
126.74, 126.82, 126.95, 126.98, 127.06, 128.76, 128.83, 128.87, 128.90, 134.18, 134.27,
136.65, 137.79, 138.63, 138.82, 139.04, 140.09, 140.52, 140.75, 141.00, 141.31, 148.76,
148.82, 149.42, 153.18, 153.25. MALDI-TOF MS calc for C411H616O31: 6076.26
[M+Na+], found m/z 6074.06 [M+Na+].
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Methyl

3-(3',4',5'-tris(3-(3',4',5'-tris(3-(4'-(dodecyloxy)biphenyl-4-

yl)propoxy)biphenyl-4-yl)propoxy)biphenyl-4-yl)propanoate

[(4BpPr-

(3,4,5BpPr)2)12G2-CO2CH3] (25a). A round bottom flask was charged with (4BpPr3,4,5BpPr)12G1-CH2Br (0.6g, 0.41 mmol), K2CO3 (0.31 g, 2.2 mmol), and DMF (50
mL). The suspension was sparged with nitrogen for 30 min, after which the reaction was
heated to 80C. A solution of methyl 3',4',5’-trihydroxy-4-biphenylpropanoate (0.04 g,
0.125 mmol) in DMF (20 mL)was added dropwise via addition funnel. The reaction was
allowed to proceed at 80 C for 48 h, after which the reaction was cooled to room
temperature and poured into ice water. The solids were filtered and dried under air. The
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crude product was purified by column chromatography (silica gel, CH2Cl2) followed by
two recrystallizations from CH2Cl2/acetone. Yield 0.3 g (56 %). Purity (HPLC), 99+ %;
mp 120 °C (DSC) ; 1H NMR (CDCl3, 500 MHz, δ, ppm ): 0.91 (m, 27H, x), 1.29 (m,
144H, w), 1.48 (m, 18H, v), 1.82 (m, 18H, u), 2.06 (m, 2H, b), 2.20 (m, 24H,h + n), 2.76
(m, 2H, c), 2.88 (m, 24H, i + o), 3.70 (m, 3H, a), 4.00 (m, 18H, t), 4.13 (m, 24H, g + m),
6.77 (m, 8H, f + l), 6.95 (m, 18H, s), 7.27 (m, 26H, d + j + p), 7.48 (m, 36H, e + k + q
+r); 13C NMR (CDCl3, 125 MHz, δ, ppm):14.02, 22.62, 26.03, 26.04, 29.29, 29.30, 29.32,
29.37, 29.39, 29.54, 29.55, 29.55, 29.57, 29.58, 29.60, 29.61, 29.62, 29.63, 30.51, 31.02,
31.79, 31.87, 32.01, 32.08, 35.57, 51.54, 68.14, 68.21, 68.39, 72.67, 106.20, 109.44,
114.68, 114.71, 126.41, 126.63, 127.17, 127.90, 127.93, 128.50, 128.81, 128.82, 133.29,
133.53, 136.52, 137.85, 138.31, 138.49, 139.38, 139.50, 139.81, 140.48, 153.24, 158.52,
158.63, 173.34;. MALDI-TOF MS calc. for C304H400O23 : 4457.98 [M+K+], found m/z:
.4462.56 [M+K+].

252

3’,4',5'-Tris(3-(3',4',5'-tris(3-(4'-(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4yl)propoxy)biphenyl-4-yl)propan-1-ol [(4BpPr-(3,4,5BpPr)2)12G2-CH2OH] (25b).
To a stirring suspension of LiAlH4 (5 mg, 0.13 mmol) in dry THF (10 mL) at 0 C under
N2 was added a solution of (4BpPr-(3,4,5BpPr)2)12G2-CO2CH3 (0.2g, 0.04 mmol) in dry
THF (20 mL) dropwise via addition funnel. Following complete addition of (4BpPr(3,4,5BpPr)2)12G2-CO2CH3the reaction was allowed to warm to room temperature and
proceed for an additional 15 h at which point the starting material was completely
consumed according to TLC. The reaction mixture was filtered over Celite 545. The
filtrate was dried over MgSO4 and the solvent was removed at reduced pressure. The
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crude product was purified by two recrystallizations from THF/methanol to yield a white
powder (0.14g, 72 %). Purity (HPLC), 99+ %; mp 125 °C (DSC); 1H NMR (CDCl3, 500
MHz, δ, ppm ): 0.91 (t, J = 6.6 Hz, 27H, y), 1.30 (m, 145H, a + x), 1.49 (m, 18H, w),.
1.83 (m, 18H, v), 2.21 (m, 24H, i + o), 2.69 (m, 2H, c), 2.91 (m, 24H, j + p), 3.00 (m,
2H, d), 3.71 (m, 2H, b), 3.99 (m, 18H, u), 4.15 (m, 24H, h + n), 6.77 (s, 8H, g + m), 6.94
(m, 18H, t), 7.29 (m, 26H, e + k + q), 7.47 (m, 36H, f + l + r +s ); 13C NMR (CDCl3, 125
MHz, δ, ppm): 14.02, 22.62, 26.03, 26.04, 29.29, 29.30, 29.32, 29.37, 29.39, 29.54,
29.55, 29.55, 29.57, 29.58, 29.60, 29.61, 29.62, 29.63, 30.51, 31.02, 31.79, 31.87,
32.01,32.08, 35.57, 68.07, 68.09, 68.19, 72.77, 106.13, 109.24, 114.32, 114.61, 126.54,
126.55, 127.17, 127.77,

127.80, 128.42,

128.61, 128.72, 133.25,

133.43, 136.47,

137.62, 138.25, 138.35, 139.28, 139.42, 139.56, 140.24, 153.25, 158.49, 158.65;
MALDI-TOF MS calc. for C303H400O22: 4391.02 Found m/z: 4395.62. [M+H+].
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Methyl

3-(3',4',5'-tris(3-(3',4'-bis(3-(4'-(dodecyloxy)biphenyl-4-

yl)propoxy)biphenyl-4-yl)propoxy)biphenyl-4-yl)propanoate.

[(4BpPr-3,4BpPr-

3,4,5BpPr)12G1-CO2CH3] (26a). A round bottom flask was charged with finely ground
(4BpPr-3,4BpPr)12G1-CH2Br (0.9g, 0.84 mmol), K2CO3 (0.43 g, 3.0 mmol), and DMF
(280 mL). The suspension was sparged with N2 for 45 min, after which the reaction was
heated to 80 C and stirred for 10 min, at which point (4BpPr-3,4BpPr)12G1-CH2Br was
completely dissolved. A solution of methyl 3',4',5’-trihydroxy-4-biphenylpropanoate
(0.07 g, 0.25 mmol) in DMF (20 mL)was added dropwise via addition funnel. The
reaction was allowed to proceed at 80C for 48h, after which it was cooled to room
temperature and poured into ice water. The solids were filtered and dried under air. The
crude product was purified by two recrystallizations from CH2Cl2/acetone. Yield 0.53 g
(64 %). Purity (HPLC), 99+ %; mp 183 °C (DSC); 1H NMR (CDCl3, 500 MHz, δ, ppm ):
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0.91 (t, J = 6.5 Hz, 18H, z), 1.34 (m, 48H, y), 1.49 (m, 12H, x), 1.80 (m, 12H, w), 2.21
(m, 18H, h + p), 2.68 (m, 2H, b), 2.91 (m, 18H, i + q), 3.00 (t, J = 6.5 Hz, 2H, c), 3.70 (s,
3H, a), 4.00 (m, 12H, v), 4.11 (m, 18H, g + o), 6.77 (s, 2H, f), 6.95 (m, 12H, u), 7.10 (m,
8H, l + m), 7.28 (m, 20H, d + j + r), 7.50 (m, 32H, e + k + s + t), 13C NMR (CDCl3, 125
MHz, δ, ppm): 14.20, 22.70, 26.10, 29.41, 29.49, 29.67, 30.60, 31.10, 31.86, 31.97,
35.70, 51.70, 68.10, 68.35, 68.42, 105.80, 113.10, 114.20, 114.70, 119.60, 126.78,
126.87, 127.20, 127.90, 128.70, 128.90, 133.40, 134.30, 138.50, 140.06, 140.12, 148.60,
149.20, 153.20, 158.60, 173.30 MALDI-TOF MS calc. for C223H286O17: 3236.15, found
m/z: 3239.64 [M+H+].

3-(3',4',5'-Tris(3-(3',4'-bis(3-(4'-(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4yl)propoxy)biphenyl-4-yl)propan-1-ol

[(4BpPr-3,4BpPr-3,4,5BpPr)12G1-CH2OH]
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(26b). To a stirring suspension of LiAlH4 (5mg, 0.1 mmol) in dry THF (10 mL) at 0 C
under N2 was added a solution of (4BpPr-3,4BpPr-3,4,5BpPr)]12G1-CO2CH3 (0.2g, 0.06
mmol) in dry THF (40 mL) dropwise via addition funnel. Following complete addition of
(4BpPr-3,4BpPr-3,4,5BpPr)]12G1-CO2CH3 the reaction was allowed to warm to room
temperature and proceed for an additional 1.5h at which point the starting material was
completely consumed according to TLC. The reaction mixture was filtered over Celite
545 and washed with hot CH2Cl2. The filtrate was dried over MgSO4 and concentrated.
The crude product was purified by precipitation from THF/methanol yielding a white
powder 0.14 g (71 %). Purity (HPLC), 99+ %; mp 196 °C (DSC); 1H NMR (CDCl3, 500
MHz, δ, ppm ): 0.91 (t, J = 7.1 Hz, 18H, a’), 1.29 (m, 49H, a + z), 1.50 (m, 12H, y), 1.81
(m, 12H, x), 2.23 (m, 18H, i + q), 2.37 (m, 2H, c), 2.91 (m, 18H, j + r), 2.98 (t, J = 7.3
Hz 2H, d), 3.73 (t, J = 6.5 Hz, 2H, ArCH2CH2CH2OH), 4.00 (m, 12H, w), 4.13 (m, 18H,
h + p), 6.76 (s, 2H, g), 6.96 (m, 12H, v), 7.13 (m, 9H, m + n + o ), 7.27 (m, 20H, e + k +
s), 7.48 (m, 32H, f + l + t + u);

13

C NMR (CDCl3, 125 MHz, δ, ppm): 14.20, 22.80,

26.10, 29.39, 29.41, 29.50, 29.70, 29.73, 29.89, 30.60, 31.10, 31.87, 31.98, 63.50, 68.10,
68.34, 68.42, 113.10, 114.20, 114.70, 119.60, 126.70, 126.87, 127.20, 127.90, 128.70,
128.90, 133.40, 138.50, 140.00, 148.60, 149.20, 158.50; MALDI-TOF MS calc. for
C222H286O16 : 3208.16, found m/z: 3213.14 [M+H+].
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3-(3',4'-bis(3-(3',4',5'-tris(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4-

yl)propanoate [(3,4,5BpPr-3,4BpPr)12G2-CO2CH3] (29a). A round bottom flask was
charged with (3,4,5BpPr)12G1-CH2Br (0.64g, 0.77 mmol), K2CO3 (0.61 g, 4.41 mmol),
and DMF (20 mL). The suspension was sparged with N2 for 30 min, after which the
reaction was heated to 80 C and a solution of methyl 3',4'-dihydroxy-4biphenylpropanoate (0.1 g, 0.36 mmol) in DMF (10 mL) was added dropwise via
addition funnel over a period of 1 h. The reaction was allowed to proceed at 80 C for
24h, after which the reaction was cooled to room temperature and poured into ice water.
The solids were filtered and dried under air. The filtrate was extracted with ethyl acetate
and dried over MgSO4. The solvent was removed under reduced pressure and the crude
product was purified by column chromatography (silica gel, CH2Cl2) followed by
recrystallization from CH2Cl2/acetone. Yield 0.6 g (92 %). Purity (HPLC), 99+ %; mp 58
°C (DSC); 1H NMR (CDCl3, 500 MHz, δ, ppm ): 0.88 (t, J = 7.0 Hz, 18H, s), 1.17 (m,
96H, r), 1.41-1.61 (m, 12H, q), 1.69 – 1.89 (m, 12H, p), 2.10 – 2.30 (m, 4H, j), 2.65 (t, J
= 7.8 Hz, 2H, b), 2.90 (t, J = 7.4 Hz, 4H, k), 2.97 (t, J = 7.9 Hz, 2H, G2: c), 3.68 (s, 3H,
a), 3.97 (t, J = 6.5 Hz, 4H, o), 4.01 (t, J = 6.5 Hz, 8H, t), 4.09 (t, J = 6.3 Hz, 2H, i), 4.12
(t, J = 6.3 Hz, 2H, u), 6.72 (d, J = 1.8 Hz, 4H, n + z), 6.94 (d, J = 8.8 Hz, 1H, h), 7.10 (m,
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2H, f +g), 7.23 (d, J = 8.2 Hz, 2H, d), 7.26 (d, J = 8.3, 4H, l + z), 7.45 (m, 6H, e + m +
y). 13C NMR (CDCl3, 125 MHz, δ, ppm): 14.00, 14.02, 14.02, 14.03, 22.62, 22.63, 22.64,
22.64, 26.09, 26.11, 26.12, 26.13, 29.27, 29.27, 29.28, 29.29, 29.30, 29.31, 29.32, 29.33,
29.34, 29.38, 29.39, 29.40, 29.41, 29.42, 29.44, 29.47, 29.48, 29.49, 29.50,29.51, 29.52,
29.53, 29.54, 29.55, 29.57, 29.59, 29.60, 29.62, 29.63, 29.64, 29.65, 29.66, 29.68, 29.70,
29.73, 30.35, 30.50, 30.95, 30.99, 31.75, 31.76, 31.84, 31.85, 31.86, 31.87, 31.88, 31.89,
31.90, 35.59, 35.60, 51.53, 68.30, 68.39, 69.29, 73.49, 106.00, 113.39, 114.45, 119.67,
126.84, 126.85, 126.86, 126.99, 128.57, 128.58, 128.79, 128.79, 132.52, 134.30, 136.12,
136.32, 136.33, 137.95, 138.98, 139.11, 139.17, 139.17, 140.42, 140.43, 140.44, 140.44,
148.67, 149.26, 153.30, 173.21. MALDI-TOF MS calc. for C118H188O10 : 1765.42, found
m/z: 1769.22 [M+H+].

3-(3',4'-Bis(3-(3',4',5'-tris(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4-yl)propan1-ol [(3,4,5BpPr-3,4BpPr)12G2-CH2OH] (29b). To a stirring suspension of LiAlH4
(0.04 g, 1 mmol) in dry THF (5 mL) at 0 C under N2 was added a solution (3,4,5BpPr3,4BpPr)12G2-CO2CH3 (0.46 g, 0.26 mmol) in dry THF (15 mL) dropwise via addition
funnel. Following complete addition of (3,4,5BpPr-3,4BpPr)12G2-CO2CH3 the reaction
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was allowed to warm to room temperature and proceed for an additional 15h at which the
starting material was completely consumed according to TLC. The reaction mixture was
quenched via slow sequential addition of 0.7 ml H2O, 0.7 ml 15 % aqueous NaOH and
2.1 ml of H2O and stirred for a further 30 min. The salts were filtered over Celite 545.
The filtrate as dried over MgSO4 and the solvent was removed at reduced pressure. The
crude product was purified by recrystallization from CH2Cl2/methanol to yield white
crystals (0.43g, 96 %). Purity (HPLC), 99+ %; mp 92 °C (DSC); 1H NMR (CDCl3, 500
MHz, δ, ppm ): 0.87 (t, J = 7.0 Hz, 18H, t), 1.18 - 1.39 (m, 97H, a + s), 1.39 - 1.55 (m,
12H, r), 1.65 – 1.84 (m, 12H, G1:q), 1.85-2.01 (m, 2H, c), 2.14 – 2.24 (m, 4H, k), 2.612.78 (m, 2H, d), 2.89 (t, J = 7.6 Hz, 4H, l + x), 3.59 – 3.79 (m, 2H, b), 3.91 - 4.06 (m,
12H, p + u), 4.08 (t, J = 6.4 Hz, 2H, j), 4.12 (t, J = 6.4 Hz, 2H, v), 6.93 (d, J = 8.1 Hz,
1H, i), 6.96 (s, 4H, G2: 2’,6’ ArH), 7.20 (d, J = 8.4 Hz, 2H, e), 7.26 (d, J = 9.1 Hz, 4H,
m), 7.35 – 7.55 (m, 6H, f + n + z); 13C NMR (CDCl3, 125 MHz, δ, ppm): 14.47,14.49,
21.56, 23.01, 23.05, 23.07, 23.08, 23.09, 23.09, 23.10, 26.54, 26.56, 26.59, 29.70, 29.72,
29.73, 29.75, 29.76, 29.76, 29.78, 29.79, 29.79, 29.80, 29.81, 29.82, 29.84, 29.87, 29.89,
29.91, 29.95, 29.95, 29.96, 29.99, 30.04, 30.05, 30.09, 30.11, 30.13, 30.15, 30.19, 30.61,
30.71, 30.74, 30.76, 30.78, 30.79, 30.82, 30.82, 31.36, 31.39, 32.07, 32.17, 32.20, 32.22,
32.31, 32.33, 32.35, 34.62, 34.62, 62.70, 68.73, 68.75, 68.76, 68.76, 69.72, 73.93, 73.95,
106.42, 113.78, 114.89, 120.04, 125.89, 125.90, 127.17, 127.42, 127.43, 128.65, 129.16,
129.20, 129.23, 129.25, 129.27, 134.84, 136.22, 136.23, 136.76, 136.77, 136.78, 136.80,
136.80, 138.35, 138.38, 138.98, 139.58, 139.60, 139.62, 140.87, 140.88, 149.03, 149.65,

260

151.91, 153.74; MALDI-TOF MS calc. for C117H188O9 : 1737.43, found m/z: 1739.68
[M+H+].
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4',4''-(3,3'-(4'-(3-Bromopropyl)biphenyl-3,4-diyl)bis(oxy)bis(propane-3,1diyl))bis(3,4,5-tris(dodecyloxy)biphenyl) [(3,4,5BpPr-3,4BpPr)12G2-CH2Br] (29c).
To a stirring solution of (3,4,5BpPr-3,4BpPr)12G2-CH2OH (0.38 g, 0.22 mmol) in THF
(15 mL), was added PPh3 (0.07 g, 0.27 mmol). The reaction mixture was allowed to stir
at room temperature for 10 min under N2. NBS (0.05 g, 0.28 mmol) was added in one
portion. The reaction mixture was allowed to stir for 2 h and then precipitated in MeOH
(100 mL). The precipitate was collected and dried. The pure product was obtained via
column chromatography (silica gel, CH2Cl2/hexanes 4:1). Yield 0.32 g (82 %). Purity
(HPLC), 99+ %; mp 43 °C (DSC); 1H NMR (CDCl3, 500 MHz, δ, ppm ): 0.88 (t, J = 6.9,
18H, s), 1.34 (m, 96H, r), 1.47 (m, 12H, q), 1.74 (m, 12H, p), 2.20 (m, 6H, b + j +v),
2.80 (t, J = 7.3Hz, 2H, c), 2.90 (t, J = 7.5 Hz, 4H, k + w), 3.41 (t, J = 6.6 Hz, 2H a), 3.97
(m, 4H, o), 4.01 (m, 8H, t), 4.09 (t, J = 6.3 Hz, 2H, i), 4.12 (t, J = 6.4 Hz, u), 6.72 (m, 4H,
n +z), 6.94 (d, J = 9.0 Hz, 1H, h), 7.10 (m, 2H, f +g), 7.22 (d, J = 8.0 Hz, 2H, d), 7.27 (d,
J = 7.9 Hz, 4H, l + z), 7.45 (m, 6H, e + m +y);

13

C NMR (CDCl3, 125 MHz, δ, ppm):
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14.08, 21.17, 26.15, 26.18, 29.36, 29.39, 29.45, 29.52, 29.67, 29.75, 30.31, 30.88, 31.00,
31.15, 31.21, 31.24, 31.69, 34.11, 62.00, 68.21, 69.19, 73.35, 106.12, 113.24, 114.15,
119.43, 125.30,

126.28, 127.15,

128.26, 128.35, 128.51, 128.77,

134.83, 135.64,

136.29, 136.40, 137.64, 137.73, 138.63, 139.10, 139.52, 140.39, 148.64, 149.27, 151.32,
153.43; MALDI-TOF MS calc. for C117H187 BrO8 : 1799.34, found m/z: 1802.10 [M+H+].

C12H25O

OC12H25

C12H25O
z
y x w
a' H3C(CH2)8CH2CH2CH2O

v

u

t

s

C12H25O

r

C12H25O

q

O

p
n

O
o

m
l
j
k

C12H25O

i
O

O

f

h g

O

e d

c
b

a
CO2CH3

O

C12H25O
C12H25O

C12H25O
C12H25O

Methyl

OC12H25

3-(3',4'-bis(3-(3',4'-bis(3-(3',4',5'-tris(dodecyloxy)biphenyl-4-

yl)propoxy)biphenyl-4-yl)propoxy)biphenyl-4-yl)propanoate

[(3,4,5BpPr-

(3,4BpPr)2)12G3-CO2CH3] (33a). A round bottom flask was charged with (3,4,5BpPr3,4BpPr)12G2-CH2Br (0.23g, 0.12 mmol), K2CO3 (0.1 g, 0.72 mmol), and DMF (20
mL). The reaction suspension was sparged with N2 for 30 min, after which the reaction
was heated to 80C and a solution of methyl 3',4'-dihydroxy-4-biphenylpropanoate (0.01
g, 0.06 mmol) in DMF (10 mL) was added dropwise via addition funnel over a period of
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1 h. The reaction was allowed to proceed at 80C for 24 h, after which the reaction was
cooled to room temperature and poured into ice water. The solids were filtered and dried
under air. The filtrate was extracted with ethyl acetate and dried over MgSO4. The
solvent was removed under reduced pressure. The combined crude product was purified
by column chromatography (silica gel, CH2Cl2/hexanes 4:1) followed by precipitation
from CH2Cl2/methanol Yield 0.15 g (78 %). Purity (HPLC), 99+ %; mp 110 °C (DSC);
1

H NMR (CDCl3, 500 MHz, δ, ppm ): 0.92 (t, J = 5.4 Hz, 36H, a’), 1.23 – 1.43 (m, 192H,

z),. 1.42 – 1.46 (m, 24H, y), 1.73 – 1.96 (m, 24H, x), 2.13 – 2.33 (m, 12H, j + r), 2.69 (t, J
= 7.8 Hz, 2H, b), 2.94 (t, J = 7.5 Hz, 12H, k + s), 3.01 (t, J = 7.7 Hz, 2H, c), 3.72 (s, 3H,
a), 3.91 – 4.09 (m, 24H, w), 4.09 – 4.19 (m, 12H, i + q), 6.77 (m, 8H, v), 6.97 (m, 3H, p
+f), 7.09 - 7.20 (m, 6H, f + g + n +o), 7.26 (d, J = 8.2, 2H, G3: 2,6 ArH), 7.30 (d, J = 6.9
Hz, 12H, t + l ), 7.49 (d, J = 8.1 Hz, 14H, e + m + u) 13C NMR (CDCl3, 125 MHz, δ,
ppm): 14.02, 14.05, 22.63, 22.64, 22.64, 26.10, 26.13, 29.28, 29.30, 29.31, 29.32, 29.33,
29.35, 29.38, 29.38, 29.40, 29.44, 29.44, 29.46,29.48, 29.51, 29.54, 29.57, 29.58, 29.60,
29.61, 29.63, 29.65, 29.67, 29.68, 29.69, 29.69, 29.71, 30.37, 30.51, 30.96, 30.98, 31.01,
31.05, 31.07, 31.75, 31.80, 31.81, 31.83, 31.86, 31.87, 31.87, 31.89, 31.89, 35.59, 50.92,
51.53, 68.34, 68.43, 68.45, 68.47, 69.28, 69.30, 73.49, 105.99, 106.16, 109.81, 112.96,
113.38, 113.39, 113.42, 114.45, 114.46, 119.66, 119.68, 126.77, 126.78, 126.85, 126.97,
126.99, 128.58, 128.75, 128.79, 128.87, 134.43, 134.44, 136.33, 136.34, 137.97, 138.62,
138.99, 139.09, 139.16, 139.18, 140.21, 140.22, 140.46, 140.50, 140.51, 148.63, 148.70,
149.27, 153.30, 153.31, 173.63;. MALDI-TOF MS calc. for C250H388O20: 3710.93, found
m/z: 3715.88 [M+H+].
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3-(3',4'-Bis(3-(3',4'-bis(3-(3',4',5'-tris(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4yl)propoxy)biphenyl-4-yl)propan-1-ol [(3,4,5BpPr-(3,4BpPr)2)12G3-CH2OH] (33b).
To a stirring suspension of LiAlH4 (4.0 mg, 0.1 mmol) in THF (4 mL) at 0C under N2
was added a solution of (3,4,5BpPr-(3,4BpPr)2)12G3-CO2CH3 (0.27 g, 0.07 mmol) in dry
THF (10 mL) dropwise via addition funnel. Following complete addition of (3,4,5BpPr(3,4BpPr)2)12G3-CO2CH3 the reaction was allowed to warm to room temperature and
proceed until for an additional 15h at which point the starting materials was completely
consumed according to TLC. The reaction mixture was quenched via slow sequential
addition of 0.1 ml H2O, 0.1 ml 15 % aqueous NaOH and 0.3 ml of H2O and stirred for a
further 30 min. The salts were filtered over Celite 545. The filtrate was dried over
MgSO4 and the solvent was removed under reduced pressure. The crude product was
purified by recrystallization from CH2Cl2/ methanol yielding a white powder (232 mg, 87
%). Purity (HPLC), 99+ %; mp 135 °C (DSC); 1H NMR (CDCl3, 500 MHz, δ, ppm ):
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0.87 (t, J = 6.8 Hz, 36H, b’), 1.07 –1.39 (m, 192H, a + a’), 1.39 –1.52 (m, 12H, z), 1.70 –
1.85 (m, 12H, y), 2.13 –2.24 (m, 14H, c + k +s), 2.72 (t, J = 7.0 Hz, 2H, d), 2.89 (t, J =
7.5 Hz, 12H, l + t), 3.60 – 3.75 (m, 2H, b), 3.93 –4.04 (m, 24H, x), 4.04 –4.18 (m, 12H, j
+r), 6.72 (m, 8H, w), 6.93 (d, J = 8.3Hz, 3H, i +q), 7.06 – 7.14 (m, 6H, g + h + o + p),
7.21 (d, J = 7.9 Hz, 2H, e), 7.25 (d, J = 8.0 Hz, 12H, m + u), 7.38 –7.52 (m, 14H, f + n
+v);

13

C NMR (CDCl3, 125 MHz, δ, ppm):14.48, 21.56, 23.06, 23.07, 23.08, 23.10,

23.11, 26.55, 26.58, 29.75, 29.78, 29.79, 29.80, 29.83, 29.84, 29.92, 29.97, 30.00, 30.04,
30.05, 30.07, 30.09, 30.10, 30.13, 30.14, 30.16, 30.19, 30.20, 30.72, 30.73, 30.74, 30.76,
30.77, 30.77, 30.78, 30.79, 30.81, 30.83, 31.40, 31.45, 31.49, 31.50, 31.50, 32.08, 32.24,
32.26, 32.28, 32.30, 32.31, 32.32, 32.33, 32.34, 32.35, 32.36, 34.16, 34.62, 34.63, 34.64,
62.68, 68.77, 68.79, 68.87, 68.88, 68.89, 68.90, 68.90, 69.72, 73.93, 106.41, 113.81,
114.85, 114.89, 114.90, 125.88, 125.89, 125.90, 127.17, 127.20, 127.21, 127.42, 127.44,
128.65, 129.16, 129.21, 129.22, 129.24, 129.31, 129.32, 134.85, 136.23, 136.76, 136.78,
138.37, 138.38, 139.05, 139.59, 139.60, 140.65, 140.89, 140.93, 149.04, 149.68, 149.69,
151.92, 153.74; MALDI-TOF MS calc. for C249H388O19: 3682.94, found m/z: 3684.25
[M+H+].
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Methyl

3-(3',4'-bis(3-(3',4'-bis(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4-

yl)propanoate [(3,4BpPr)212G2-CO2CH3] (30a). A round bottom flask was charged
with (3,4BpPr)12G1-CH2Br (2g, 3.12 mmol), K2CO3 (2.46 g, 17.86 mol), and DMF (110
mL). The suspension was sparged with N2 for 30 min, after which the reaction was heated
to 80 C and solution of methyl 3’,4’-dihydroxy-4-biphenylpropanoate (0.40 g, 14.88
mol) in DMF (30 mL) was added dropwise over a period of 1 h via addition funnel. The
reaction was allowed to proceed at 80 C for 24 h, after which the reaction was cooled to
room temperature and poured into ice water. The crude product was filtered and dried
under air. Additionally, the filtrate was extracted with ethyl acetate and dried over
MgSO4. The solvent was removed under reduced pressure. The combined crude product
was purified by column chromatography (silica gel with CH2Cl2/ hexanes 2:1) Yield 1.88
g (91 %). Purity (HPLC), 99+ %; mp 121 °C (DSC). 1H NMR (CDCl3, 500 MHz, δ, ppm
): 0.89 (m, J = 6.96 Hz, 12H, u), 1.29 (m, 64H,t), 1.46 (m, 8H, s), 1.81 (m, 8H, o), 2.19
(m, 4H,j), 2.65 (t, J = 7.8 Hz, 2H, b), 2.90 (t, J = 7.1 Hz, 4H, k), 2.97 (t, J = 7.8 Hz, 2H,
c), 3.68 (s, 3H, a), 4.02 (m, 8H, q), 4.11 (m, 4H,i), 6.91 (d, J = 8.3 Hz, 2H, p), 6.95 (d, J
= 8.5 Hz, 1H, h), 7.09 (m, 6H, f + g + n + o ), 7.22 (d, J = 8.1 Hz, 2H, d), 7.26 (d, J = 6.4
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Hz, 4H, G1: 2,6 ArH), 7.45 (m, 6H, e + m); 13C NMR (CDCl3, 125 MHz, δ, ppm): 14.01,
22.62, 26.04, 26.04, 29.3, 29.38, 29.39, 29.40, 29.58, 29.60, 29.61, 29.64, 29.65, 30.51,
30.98, 31.00, 31.76, 31.87, 35.60, 51.52, 68.37, 68.45, 69.47, 69.52, 76.68, 76.94, 76.98,
77.00, 77.14,77.19 , 77.25, 77.26, 113.30, 113.43, 114.36, 114.49, 119.45, 119.67,
126.77, 126.86, 128.57, 128.82, 134.19, 134.30, 138.78, 138.78, 139.01, 139.08, 140.08,
140.09, 148.71, 148.77, 149.30, 149.40, 173.21; MALDI-TOF MS calc. for C94H140O8:
1397.05, found m/z: 1398.69 [M+H+].

3-(3',4'-Bis(3-(3',4'-bis(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4-yl)propan-1-ol
[(3,4BpPr)212G2-CH2OH] (30b). To a stirring suspension of LiAlH4 (0.1g, 2.6 mmol)
in dry THF (10 mL) at 0C under N2 was added a solution of (3,4BpPr)212G2-CO2CH3
(1.5g, 1.07 mmol) in dry THF (15 ml) dropwise via additional funnel.

Following

complete addition of (3,4BpPr)212G2-CO2CH3 the reaction was allowed to warm to room
temperature and proceed for an additional 5h, at which point the starting material was
completely consumed according to TLC. The reaction mixture was quenched via slow
sequential addition of 0.4 ml H2O, 0.4 ml 15% NaOH aqueous solution and 1.2 ml of
H2O and stirred for a further 30 min. The salts were filtered over Celite 545 and the
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filtrate was dried over MgSO4. The solvent was removed at reduced pressure. The crude
product was purified via column chromatography (CH2Cl2/ ethyl acetates 10:1) followed
by recrystallization from DCM /acetone yielding white crystals 1.5 g (92 %). Purity
(HPLC), 99+ %; mp.147 °C (DSC); 1H NMR (CDCl3, 500 MHz, δ, ppm ): 0.91 (t, J = 7.0
Hz, 12H, v), 1.30 (bs, 65H, a +u), 1.53 (m, 8H, t), 1.85 (m, 8H, s), 1.95 (m, 2H, c), 2.23
(m, 4H, k), 2.78 (m, 2H, d), 2.93 (t, J = 7.5, 4H, l), 3.74 (t, J = 6.4 Hz, 2H, b ), 4.06 (m,
8H, r), 4.15 (m, 4H, j), 6.95 (d, J = 8.3, 2H, q), 6.98 (d, J = 8.9, 1H, i), 7.13(m, 6H, g + h
+ o + p), 7.25 (d, J = 8.4, 2H, e), 7.29 (d, J = 8.5, 4H, m), 7.48 (m, 6H, f + n); 13C NMR
(CDCl3, 125 MHz, δ, ppm): 14.45, 23.06, 26.48, 29.73, 29.74, 29.75, 29.82, 29.83, 29.84,
30.01, 30.02, 30.04, 30.08, 31.41, 31.42, 32.07, 32.18, 32.20, 32.30, 32.31, 34.61, 62.70,
68.83, 68.86, 69.91, 69.92, 69.97, 113.74, 113.86, 114.8, 114.95, 119.89, 119.90, 120.06,
127.19, 127.20, 127.21, 129.14, 129.25, 129.26, 134.63, 134.64, 134.86, 139.03, 139.19,
139.21, 140.52, 140.53, 140.82, 149.08, 149.19, 149.20,149.71, 149.83; MALDI-TOF
MS calc. for C93H140O7: 1369.06, found m/z: 1371.71 [M+H+ ].

4',4''-(3,3'-(4'-(3-Bromopropyl)biphenyl-3,4-diyl)bis(oxy)bis(propane-3,1diyl))bis(3,4-bis(dodecyloxy)biphenyl) [(3,4BpPr)212G2-CH2Br] (30c). To a stirring
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solution of (3,4BpPr)212G2-CH2OH (1.3 g, 0.95 mmol) in THF (40 mL), was added PPh3
(0.31, 1.18 mmol). The reaction mixture was allowed to stir at RT for 10 min under N2.
NBS (0.20 g, 1.12 mmol) was added in one portion. The reaction mixture was allowed to
stir for 2 h and then precipitated in MeOH (300 mL). The precipitate was collected and
dried. The pure product was obtained via column chromatography (silica gel,
CH2Cl2/hexanes 2:1). Yield 1.29 g (93 %). Purity (HPLC), 99+ %; mp 121 °C (DSC). 1H
NMR (CDCl3, 500 MHz, δ, ppm ): 0.88 (t, J = 6.1 Hz, 12H, u), 1.29 (m, 64H, t), 1.44 (m,
6H, s), 1.82 (m, 6H, r), 2.20 (m, 6H, b + j + w), 2.80 (t, J = 7.4 Hz, 2H, c), 2.90 (t, J =
7.3 Hz, 4H, k +x), 3.41 (t, J = 6.6 Hz, 2H, a), 4.03 (m, 8H, q), 4.09 (t, J = 6.3 Hz, 2H, i),
4.13 (t, J = 6.3 Hz, 2H, v), 6.91 (d, J = 8.3 Hz, 2H, p + c’), 6.94 (d, J = 8.8 Hz, 1H, h),
7.08 (m, 6H, f + g + n + o + a’ + b’), 7.22 (d, J = 7.9 Hz, 2H, d), 7.27 (d, J = 7.9 Hz,
4H, l + y), 7.45 (m, 6H, e + m + z);13C NMR (CDCl3, 125 MHz, δ, ppm): 14.00, 22.60,
26.10, 29.32, 29.40, 29.42, 29.70, 31.00, 31.78,31.89, 32.90, 33.60, 34.10, 68.40, 68.46,
69.49, 69.54, 113.32, 113.44, 114.37, 114.52, 119.50, 119.70, 126.78, 126.86, 128.83,
128.85, 134.20,

134.32, 138.79, 138.93, 139.08, 140.10, 148.72,

148.79, 149.31,

149.41.; MALDI-TOF MS calc. for C93H139BrO6:1430.98, found m/z: 1434.60 [M+H+ ].
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Methyl

3-(3',4'-bis(3-(3',4'-bis(3-(3',4'-bis(dodecyloxy)biphenyl-4-

yl)propoxy)biphenyl-4-yl)propoxy)biphenyl-4-yl)propanoate

[(3,4BpPr)312G2-

CO2CH3 ] (34a). A round-bottom flask was charged with (3,4BpPr)212G2-CH2Br (0.7 g,
0.4 mmol), K2CO3 (0.36 g, 2.6 mmol), and DMF (20 mL). The suspension was sparged
N2 for 30 min, after which the reaction was heated to 80C and a solution of methyl 3’,4’dihydroxy-4-biphenylpropanoate (0.06 g, 0.22 mmol) in DMF (4 mL) was added
dropwise via additional funel over a period of 30 min. The reaction was allowed to
proceed at 80 C for 24 h, after which the reaction was cooled to room temperature and
poured into ice water. The crude product was filtered and dried under air. The filtrate was
extracted with ethyl acetate and dried over MgSO4. The solvent was removed at reduced
pressure. The combined crude product was purified by column chromatography (silica
gel, CH2Cl2: hexanes 4:1). Yield 0.6 g (91 %). Purity (HPLC), 99+ %; mp. 183 °C
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(DSC); 1H NMR (CDCl3, 500 MHz, δ, ppm ): 0.67 – 0.96 (m, 24H, c’). 1.30 (m, 128H,
b’), 1.50 (m, 16H, a’), 1.69 – 1.89 (m, 16H,z), 2.17 (m, 12H, j+ r), 2.65 (t, J = 7.8, 2H, b),
2.86 (m, 12H, k +s ), 3.00 (m, 2H, c), 3.67 (s, 3H, a), 4.00 (m, , 16H, y), 4.13 (m, 12H, i
+ q), 6.91 (m, 7H, h + p + x), 7.08 (m, 14H, f + g + n + o + v + w), 7.24 (m, 14H, d + l
+ t), 7.43 (m, 14H, e + m + u);

13

C NMR (CDCl3, 125 MHz, δ, ppm): 14.00, 22.61,

26.03, 29.29, 29.40, 29.58, 29.64, 30.50, 30.96, 30.98, 31.03, 31.04, 31.75, 31.79, 31.86,
35.59, 51.51, 68.37, 68.41, 68.46, 68.50, 69.46, 69.51, 74.89, 75.79, 75.84 75.90, 75.97,
76.00, 76.04, 76.07, 76.14, 76.16, 76.20, 76.26, 76.30, 76.35, 76.41, 76.49, 76.67, 76.93,
77.18,77.32, 77.38, 77.50, 113.29, 113.41, 113.45, 114.35, 114.49, 119.45, 119.65,
119.68, 126.75, 126.85, 128.57, 128.80, 128.84, 134.19, 134.42, 138.63, 138.75, 138.76,
140.10, 140.13, 140.17, 148.66, 148.77, 149.29, 149.39,172.95; MALDI-TOF MS calc.
for C202H292O16: 2974.20, found m/z: 2976.16 [M+H+].
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3-(3',4'-Bis(3-(3',4'-bis(3-(3',4'-bis(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4yl)propoxy)biphenyl-4-yl)propan-1-ol [(3,4BpPr)312G3-CH2OH] (34b). To a stirring
suspension of LiAlH4 (0.02 g, 0.52 mmol) in dry THF (10 mL) at 0C under N2 was
added a solution of (3,4BpPr)312G2-CO2CH3 (0.5 g, 0.16 mmol) in dry THF (30 mL)
dropwise via addition funnel. Following complete addition of (3,4BpPr)312G2-CO2CH3
the reaction was allowed to warm to room temperature and proceed for an additional 5h,
at which point all of the staring material was consumed according to TLC. The reaction
mixture was quenched via slow sequential addition of 0.1 ml H2O, 0.1 ml 15% aqueous
NaOH and 0.3 ml of H2O and stirred for a further 30 min. The salts were filtered over
Celite 545. The filtrate was dried over MgSO4. The solvent was removed under reduced
pressure. The crude product was purified via column chromatography (silica gel via
CH2Cl2: ethyl acetate 10:1) followed by recrystallized from DCM /acetone to yielding
272

white crystals (0.4 g , 82 %). Purity (HPLC), 99+ %; mp. 196 °C (DSC);1H NMR
(CDCl3, 500 MHz, δ, ppm ): 0.79– 1.02 (m, 24H, d’), 1.28 (m, 129H, a + c’),1.49 (m,
16H, b’), 1.79 (m, 16H, a’), 1.90 (m, 2H,c), 2.18 (m, 12H, k + s), 2.72 (t, J = 7.5, 2H, d),
2.89 (m, 12H, l + t), 3.69 (t, J = 6.4, 2H, b), 4.00 (m, 16H, z), 4.10 (m, 12H, j + r ), 6.91
(m, 7H, I + q + y), 7.06 (m, 14H, g + h + o + p + w + x), 7.23 (m, 14H, e + m + u),7.47
(m, 14H, f + n + v)

13

C NMR (CDCl3, 125 MHz, δ, ppm): 14.01, 14.03, 22.64, 26.03,

26.06, 29.27, 29.32, 29.37, 29.40, 29.41, 29.42, 29.52, 29.53, 29.54, 29.61, 29.62, 29.66,
30.96, 30.98, 31.04, 31.06, 31.64, 31.75, 31.75, 31.78, 31.80, 31.84, 31.89, 34.17, 62.25,
68.39, 68.41, 68.49, 68.50, 69.47, 69.52, 113.29, 113.40, 113.41, 114.35, 114.50, 114.52,
119.46, 119.65, 119.66, 119.67, 126.76, 126.77, 128.73, 128.78, 128.82, 128.87, 128.88,
134.20, 134.44, 138.59, 138.64, 138.76, 138.78, 140.11, 140.14, 140.20, 140.42, 148.66,
148.78, 149.29, 149.30, 149.40; MALDI-TOF MS calc. for C202H292O15: 2946.21, found
m/z: 2952.93 [M+H+ ].
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Methyl

3-(3',4'-bis(3-(3',4',5'-tris(3-(4'-(dodecyloxy)biphenyl-4-

yl)propoxy)biphenyl-4-yl)propoxy)biphenyl-4-yl)propanoate

[(4BpPr-3,4,5BpPr-

3,4BpPr)12G2-CO2CH3] (31a). A round bottom flask was charged with (4BpPr3,4,5BpPr)12G1-CH2Br (0.5g, 0.34 mmol), K2CO3 (0.26 g, 1.87 mmol), and DMF (50
mL). The suspension was sparged with N2 for 30 min, after which the reaction was
heated to 80 C and a solution of methyl 3',4'-dihydroxy-4-biphenylpropanoate (0.042 g,
0.156 mmol) was added dropwise via addition funnel. The reaction was allowed to
proceed at 80 C for 48h, after which the reaction was cooled to room temperature and
poured into ice water. The solids were filtered and dried under air. The crude product was
purified by column chromatography (silica gel, with CH2Cl2/hexanes 4:1) followed by
recrystallization from THF/methanol to yield 0.41g (87 %). Purity (HPLC), 99+ %; mp
168 °C (DSC); 1H NMR (CDCl3, 500 MHz, δ, ppm ): 0.88 (t, J = 7.0 Hz, 18H, z), 1.21 274

1.38 (m, 96H, y), 1.38 – 1.58 (m, 12H, x), 1.68 - 1.89 (m, 12H, w), 2.02 - 2.27 (m, 18H,
b + j + p ), 2.65 (t, J = 7.8 Hz, 2H, c), 2.84 (t, J = 7.6 Hz, 4H, k), 2.87 - 3.02 (m, 12H, q),
3.67 (s, 3H, a), 3.96 (m, 12H, v), 4.10 (m, 16H, i + o), 6.73 (d, J = 1.0 Hz, 4H, n), 6.83 6.97 (m, 13H, h + u ), 7.10 (m, 2H, f + g), 7.16 - 7.28 (m, 18H, d + l +r), 7.37 – 7.47
(m, 30H, e + m + s + t );

13

C NMR (CDCl3, 125 MHz, δ, ppm): 14.19, 22.75, 26.13,

26.14, 29.38, 29.40, 29.41, 29.49, 29.51, 29.66, 29.68, 29.70, 29.73, 30.56, 30.99, 31.03,
31.13, 31.83, 31.89, 1.97, 32.12, 32.23, 35.69, 51.71, 68.07, 68.09, 68.15, 68.21, 68.30,
72.98, 105.72, 113.15, 114.24, 114.71, 114.73, 119.68, 126.63, 126.66, 126.71, 126.94,
127.08, 127.09, 127.92, 127.94, 128.71, 128.85, 128.87, 128.93, 128.95, 133.33, 133.41,
134.26, 136.67, 136.68, 137.57, 138.31, 138.53, 139.02, 139.18, 139.94, 140.62, 140.64,
140.65, 148.61, 149.20, 153.20, 158.51, 158.57, 173.37 MALDI-TOF MS calc. for
C208H272O16: 3026.05, found m/z: 3027.99 [M+H+].
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3-(3',4'-Bis(3-(3',4',5'-tris(3-(4'-(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4yl)propoxy)biphenyl-4-yl)propan-1-ol

[(4BpPr-3,4,5BpPr-3,4BpPr)12G2-CH2OH]

(31b). To a stirring suspension of LiAlH4 (5 mg, 0.9 mmol) in dry THF (10 mL) at 0C
under N2 was added a solution of (4BpPr-3,4,5BpPr-3,4BpPr)12G2-CO2CH3 (0.2g, 0.06
mmol) in dry THF (30 mL) dropwise via addition funnel. Following complete addition of
(4BpPr-3,4,5BpPr-3,4BpPr)12G2-CO2CH3 the reaction was allowed to warm to room
temperature and proceed for an additional 15h at which point the staring material was
completely consumed according to TLC. The reaction mixture was filtered over Celite
545. The filtrated was dried over MgSO4 and the solvent was removed at reduced
pressure. The crude product was purified by two recrystallizations from THF/methanol
yielding a white powder (0.17g, 90 %). Purity (HPLC), 99+ %; mp 186 °C (DSC); 1H
NMR (CDCl3, 500 MHz, δ, ppm ): 0.88 (t, J = 7.0 Hz, 18H, a’), 1.27 (bs, 97H, a + z ),
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1.40 - 1.58 (m, 12H, y), 1.64- 1.87 (m, 12H, x), 2.16 (m, 16H, k + q), 2.58 - 2.71 (m, 2H,
c), 2.78 - 2.86 (m, 6H, d + l), 2.86 - 3.04 (m, 12H, r), 3.67 (s, 3H, b), 3.89 - 4.01 (m,
12H, w), 4.07 (t, J = 5.4 Hz, 12H, p), 4.17 – 4.09 (m, 4H, j), 6.73 (s, 4H, o), 6.83 - 6.99
(m, 13H, i + v), 7.10 (m, 2H, g + h), 7.14 - 7.33 (m, 18H, e + m + s), 7.34 - 7.50 (m,
30H, f + n + t + u);

13

C NMR (CDCl3, 125 MHz, δ, ppm): 14.03, 14.04, 22.61, 22.62,

22.64, 22.65, 26.02, 26.04, 26.05, 29.29, 29.30, 29.32, 29.36, 29.37, 29.38, 29.40, 29.41,
29.54, 29.55, 29.56, 29.57, 29.58, 29.61, 29.62,29.63, 29.64, 29.65, 29.65, 29.66, 30.91,
30.94, 31.06, 31.63, 31.73, 31.76, 31.76, 31.82, 31.85, 31.87, 31.88, 32.03, 32.11, 34.17,
62.25, 68.06, 68.08, 68.24, 68.33, 72.89, 105.91, 105.93, 113.37, 113.37, 114.48, 114.49,
114.71, 114.73, 119.63, 126.54, 126.63, 126.73, 126.98, 126.99, 127.80, 127.82, 127.84,
128.73, 128.78, 128.82, 128.84, 133.33, 133.42, 134.42, 136.57, 136.60, 137.75, 137.77,
138.29, 138.51, 138.54, 138.95, 138.96, 139.87, 140.45, 140.54, 140.57, 148.61, 149.25,
153.17, 158.49, 158.55; MALDI-TOF MS calc. for C207H272O15: 3021.04 [M+Na+],
found m/z: 3023.23 [M+Na+].
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Methyl 3-(3',4'-bis(3-(3',4'-bis(3-(4'-(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4yl)propoxy)biphenyl-4-yl)propanoate [(4BpPr-(3,4BpPr)2)12G2-CO2CH3] (32a). A
round bottom flask was charged with finely ground (4BpPr-3,4BpPr)12G1-CH2Br
(0.88g, 0.83 mmol), K2CO3 (0.65 g, 4.72 mmol), and DMF (220 mL). The suspension
was sparged with N2 for 45 min, after which the reaction was heated to 80C and stirred
for 10 min at which point (4BpPr-3,4BpPr)12G1-CH2Br was completely dissolved. A
solution of methyl 3',4'-dihydroxy-4-biphenylpropanoate (0.11 g, 0.39 mmol) in DMF
(10 mL) was added dropwise. The reaction was allowed to proceed at 80 C for 24 h,
after which the reaction was cooled to room temperature and poured into ice water. The
solids were filtered and dried under air. The crude product was purified by two
recrystallizations from CH2Cl2/acetone (300 mL:30 mL) Yield 0.538g (61 %). Purity
(HPLC), 99+ %; mp 242 °C; 1H NMR (CDCl3, 500 MHz, δ, ppm ): 0.88 (t, J=7.1 Hz,
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12H, b’), 1.26 (bs, 64H, a’), 1.46 (m, 8H, z), 1.80 (m, 8H, y), 2.19 (m, 12H, j + r), 2.65
(t, J=8.1 Hz, 2H, b), 2.90 (m, 12H, k + s), 2.97 (t, J=8.0 Hz, 2H, c), 3.68 (s, 3H, a), 3.97
(m, 8H, x), 4.09 (m, 12H, i + q), 6.93 (m, 14H, h +p + w), 7.10-7.04 ( m, 7H, f + g + n
+o), 7.24 (m, 6H, d + l), 7.29 (m, 8H, t), 7.45 (m, 20H, e + m + u + v);

13

C NMR

(CDCl3, 125 MHz, δ, ppm):14.16, 14.17,22.73, 22.75, 26.11, 29.36, 29.40, 29.47, 29.64,
29.66, 29.68, 29.71, 30.56, 31.01, 31.01, 31.03, 31.06, 31.82, 31.83, 31.95, 31.96, 35.70,
51.70, 53.47, 68.08, 68.26, 68.32, 68.38, 113.12, 113.14, 113.15, 114.23, 114.73, 119.62,
119.66, 126.70,126.85, 126.94, 127.93, 128.69, 128.94, 133.36, 134.24, 134.34, 138.51,
138.52, 138.67, 139.04, 139.13, 140.03, 140.05, 140.22, 140.88, 148.57, 148.62, 149.20,
158.55, 173.38. MALDI-TOF MS calc. for C154H196O12 [M+Na+]: 2260.46, found m/z:
2262.44 [M+Na+].
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3-(3',4'-Bis(3-(3',4'-bis(3-(4'-(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4yl)propoxy)biphenyl-4-yl)propan-1-ol [(4BpPr-(3,4BpPr)2)12G2-CH2OH] (32b). To
a stirring suspension of LiAlH4 (0.03 g, 0.8 mmol) in dry THF (10 mL) at 0 C under N2
was added a solution of (4BpPr-(3,4BpPr)2)12G2-CO2CH3 (0.33g, 0.14 mmol) in dry
THF (80 mL) dropwise via addition funnel. Following complete addition of (4BpPr(3,4BpPr)2)12G2-CO2CH3 the reaction was allowed to warm to room temperature and
proceed for an additional 1.5h at which point all starting material was consumed
according to TLC. The reaction mixture was filtered over Celite 545 and washed with hot
CH2Cl2. The filtrate was dried over MgSO4 and the solvent was removed at reduced
pressure. The crude product was purified by precipitation from CH2Cl2/acetone yielding
white powder (0.28 g, 87 %). Purity (HPLC), 99+ %; mp 255°C (DSC); 1H NMR
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(CDCl3, 500 MHz, δ, ppm ): 0.70 – 1.00 (m, 12H, c’), 1.00 - 1.44 (m, 65H, a + b’),. 1.44
– 1.55 (m, 8H, a’), 1.55 -1.72 (m, 8H, z), 1.72 - 1.90 (m, 12H, k + s), 1.90 - 2.00 (m,
2H, c), 2.00 - 2.12 (m, 2H, d), 2.60-2.82 (m, 12H, l + t), 3.58 - 3.83 (m, 2H, b), 3.83 4.05 (m, 8H, y), 4.05 - 4.33 (m, 12H, j + r), 6.74 - 7.05 (m, 11H, i +q + x), 7.05 - 7.19
(m, 6H, g +h + o +p), 7.19 - 7.37 (m, 14H, e + m + u), 7.37 - 7.74 (m, 22H, f + n + v +
w). 13C NMR (CDCl3, 125 MHz, δ, ppm): 14.17, 22.70, 22.73, 26.11, 29.31, 29.36, 29.40,
29.43, 29.47, 29.59, 29.60, 29.64, 29.66, 29.68, 29.71, 29.75, 30.19, 30.20, 30.21, 30.97,
30.98, 31.01, 31.02, 31.03, 31.05, 31.07, 31.68, 31.69, 31.79, 31.83, 31.96, 34.25, 62.34,
68.06, 68.09, 68.11, 68.27, 68.28, 68.29, 68.30, 68.32, 68.34, 68.35, 68.37, 68.38, 68.39,
113.12, 113.13, 114.23, 114.24, 114.73, 119.62, 119.64, 126.70, 126.85,127.94, 128.82,
128.85, 128.88, 128.94, 128.99, 133.36, 133.38, 134.34, 134.36, 138.52, 138.66, 138.67,
140.03, 140.03, 140.04, 140.23, 148.56, 148.58, 149.18, 149.20, 158.56; MALDI-TOF
MS calc. for C153H196O11: 2209.48 Found m/z: 2213.54 [M+H+].
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Methyl

3-(3',5'-bis(3-(3',4',5'-tris(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4-

yl)propanoate [(3,4,5BpPr-3,5BpPr)12G1 CO2CH3] (35a). A round bottom flask was
charged with (3,4,5BpPr)12G1-CH2Br (0.3 g, 0.36 mmol), K2CO3 (0.6 g, 4.34 mmol),
and DMF (40 mL). The suspension was sparged with N2 for 30 min, after which the
reaction was heated to 80C and a solution of methyl 3',5'-dihydroxy-4biphenylpropanoate (0.045 g, 0.16 mmol) in DMF (10 mL) was added dropwise via
addition funnel over a period of 1 h. The reaction was allowed to proceed at 80C for 24
h, after which the reaction was cooled to room temperature and poured into ice water.
The solids were filtered and dried under air. The filtrate was extracted with ethyl acetate
and dried over MgSO4. The solvent was removed under reduced pressure. The combined
crude product was purified by column chromatography (silica gel, CH2Cl2/hexanes 3:1)
followed by precipitation from CH2Cl2/methanol. Yield 0.25 g (85 %). Purity (HPLC),
99+ %; mp 25 °C (DSC); 1H NMR (CDCl3, 500 MHz, δ, ppm ): 0.88 (t, J = 7.0 Hz, 12H,
r), 1.24-1.33 (m, 96H, q), 1.47-1.50 (m, 12H, p), 1.79 (m, 12H, o), 2.14 (m, 4H, i), 2.66
(t, J = 7.8 Hz, 2H, b), 2.85 (t, J = 7.7 Hz, 4H, j), 2.98 (t, J = 7.9 Hz, 2H, a), 3.68 (s, 3H,
a), 3.98 (t, J = 6.7 Hz, 4H, h), 4.01-4.04 (m, 12H, n), 6.46 (t, J = 2.2 Hz, 1H, i), 6.71 (d, J
= 2.2 Hz, 2H, f), 6.74 (s, 4H, m), 7.24-7.26 (m, 6H, d + k), 7.46 (d, J = 6.6 Hz, 4H, l),
7.49 (d, J = 8.1 Hz, 2H, e).

13

C NMR (CDCl3, 125 MHz, δ, ppm): 14.10, 22.70, 26.12,

26.15, 29.33, 29.36, 29.42, 29.48, 29.50, 29.60, 29.61, 29.65, 29.70, 29.72, 30.56, 30.83,
31.76, 31.94, 32.98, 33.65, 34.13, 52.42, 67.18, 69.42, 73.63, 100.45, 105.84, 106.35,
127.23, 127.15, 128.92, 128.24, 136.40, 138.23, 139.45, 139.2, 139.4, 140.8, 143.6,
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153.2, 160.5, 173.2; MALDI-TOF MS calc. for C118H188O10: 1765.42, found m/z:
1768.50 [M+H+].

3-(3',5'-Bis(3-(3',4',5'-tris(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4-yl)propan1-ol [(3,4,5BpPr-3,5BpPr)12G1-CH2OH] (35b). To a stirring suspension of LiAlH4
(7.0 mg, 0.17 mmol) in dry THF (4 mL) at 0 C under an inert N2 was added a solution of
(3,4,5BpPr-3,5BpPr)12G2-CO2CH3 (0.2 g, 0.1 mmol) in dry THF (10 mL) dropwise via
addition funnel. Following complete addition of (3,4,5BpPr-3,5BpPr)12G2-CO2CH3 the
reaction was allowed to warm to room temperature and proceed for an additional 8h at
which point the starting material was completely consumed according to TLC. The
reaction mixture was quenched via slow sequential addition of 0.1 ml H2O, 0.1 ml 15 %
aqueous NaOH and 0.3 ml of H2O and stirred for a further 30 min. The salts were filtered
over Celite 545. The filtrate was dried over MgSO4 and the solvent was removed at
reduced pressure. The crude product was purified by recrystallization from
CH2Cl2/methanol yielding a white powder (0.13 g, 68 %). Purity (HPLC), 99+ %; mp 45
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°C (DSC); 0.88 (t, J = 6.9 Hz, 18H, s), 1.36-1.30 (m, 97H, a + r), 1.48 (m, 12H, q), 1.78
(m, 12H, p), 2.14 (m, 4H, j), 2.20 (m, 2H, c), 2.81 (t, J = 7.3 Hz, 2H, d), 2.85 (t, J = 7.5
Hz, 4H, k), 3.41 (t, J = 6.6 Hz, 2H, b), 3.98 (t, J = 6.6 Hz, 4H, i), 4.03 (q, J = 6.0 Hz,
12H, o), 6.46 (t, J = 2.1 Hz, 1H, h), 6.71 (d, J = 1.8 Hz, 2H, g), 6.74 (s, 4H, G1: n), 7.23
(d, J = 8.0 Hz, 2H, e), 7.25 (d, J = 8.0 Hz, 4H, l), 7.46 (d, J = 8.0, 4H, m), 7.49 (d, J = 8.0
Hz, 2H, f);

13

C NMR (CDCl3, 125 MHz, δ, ppm): 14.10, 22.70, 26.12, 26.15, 29.33,

29.36, 29.42, 29.50, 29.55, 29.62, 29.63, 29.67, 29.71, 29.74, 30.40, 30.80, 31.79, 31.90,
32.90, 33.60, 34.10, 67.00, 69.30, 73.50, 100.30, 105.92, 106.04, 127.02, 127.22, 128.79,
128.84, 136.3, 138.0, 139.12, 139.21, 139.90, 140.40, 143.10, 153.30, 160.50; MALDITOF MS calc. for C117H188O9: 1737.42, found m/z: 1739.50.

4',4''-(3,3'-(4'-(3-Bromopropyl)biphenyl-3,5-diyl)bis(oxy)bis(propane-3,1diyl))bis(3,4,5-tris(dodecyloxy)biphenyl) [(3,4,5BpPr-3,5BpPr)12G1-CH2Br] (35c).
To a stirring solution of (3,4,5BpPr-3,5BpPr)12G2-CH2OH (0.16 g, 92 mol) in THF (10
mL), was added PPh3 (0.03 g, 114 mol). The reaction mixture was allowed to stir at
284

room temperature for 10 min under N2. NBS (0.02 g, 112 mol) was added in one
portion. The reaction mixture was allowed to stir for 2 h and then precipitated in MeOH
(50 mL). The precipitate was collected and dried. The pure product was obtained via
column chromatography (silica gel, CH2Cl2). Yield 0.12 g (76 %). Purity (HPLC), 99+
%; mp 30 °C; 1H NMR (CDCl3, 500 MHz, δ, ppm ): 0.88 (t, J = 6.9 Hz, 18H, r), 1.28 (m,
96H, q), 1.48 (m, 12H, p), 1.79 (m, 12H, o), 2.17 (m, 6H, b + i), 2.81 (t, J = 7.3 Hz, 2H,
c), 2.85 (t, J = 7.5 Hz, 4H, h), 3.41 (t, J = 6.6 Hz, 2H, a), 4.01 (m, 16H, h +n), 6.46 (t, J =
2.1 Hz, 1H, g), 6.72 (m, 6H, f + m), 7.23 (d, J = 8.0 Hz, 2H, d), 7.25 (d, J = 8.0, 4H, k),
7.46 (d, J = 8.0 Hz, 4H, l),7.49 (d, J = 8.0 Hz, 2H); 13C NMR (CDCl3, 125 MHz, δ, ppm):
14.10, 22.70, 26.12, 26.15, 29.33, 29.36, 29.42, 29.50, 29.62, 29.63, 29.67, 29.71,
29.74, 30.40, 30.80, 31.79, 31.90, 32.90, 33.60, 34.10, 67.00, 69.30, 73.50, 100.30,
105.92, 106.04, 127.02, 127.22, 128.79, 128.84, 136.30, 138.00, 139.12, 139.21, 139.90,
140.40, 143.10, 153.30, 160.50; MALDI-TOF MS calc. for C117H187BrO8: 1799.34,
found m/z: 1803.08.
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Methyl

3-(3',5'-bis(3-(3',5'-bis(3-(3',4',5'-tris(dodecyloxy)biphenyl-4-

yl)propoxy)biphenyl-4-yl)propoxy)biphenyl-4-yl)propanoate

[(3,4,5BpPr-

(3,5BpPr)2)12G3-CO2CH3] (39a). A round bottom flask was charged with (3,4,5BpPr3,5BpPr)12G2-CH2Br (0.07g, 0.03 mmol), K2CO3 (0.2 g, 1.4 mmol), and DMF (20 mL).
The suspension was sparged with N2 for 30 min, after which the reaction was heated to
80 C and a solution methyl 3',4'-dihydroxy-4-biphenylpropanoate (4.8 mg, 0.017 mmol)
in DMF (10 mL) was added dropwise via addition funnel over a period of 1 h. The
reaction was allowed to proceed at 80C for 24 h, after which the reaction was cooled to
room temperature and poured into ice water. The solids were filtered and dried under air.
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The filtrate was extracted with ethyl acetate and dried over MgSO4. The solvent was
removed under reduced pressure. The combined crude product was purified by column
chromatography (silica gel, CH2Cl2/hexanes 4:1) . Yield 53 mg (76 %). Purity (HPLC),
99+ %; mp -3 °C (DSC); 1H NMR (CDCl3, 500 MHz, δ, ppm ): 0.87 (t, J = 6.8 Hz, 36H,
y), 1.26 (m, 192H, x), 1.43 (m, 24H, w), 1.79 (m, 24H, v), 2.14 (m, 14H, b + i + p ), 2.85
(m, 14H, c + j + q), 3.67 (s, 3H, a), 4.01(m, 36H, h + o + u), 6.44 (m, 3H, g + n ), 6.74
(m, 14H, f + m + t), 7.25 (m, 14H, d + k +r), 7.45 (m, 14H, e + l + s); 13C NMR (CDCl3,
125 MHz, δ, ppm): 14.16, 22.73, 22.74, 26.16, 26.19, 29.38, 29.39, 29.41, 29.44, 29.47,
29.49, 29.61, 29.63, 29.64, 29.68, 29.70, 29.74, 29.78, 29.80, 29.84, 30.40, 30.87, 30.89,
30.89, 30.93, 31.72, 31.81, 31.82, 31.85, 31.96, 31.98, 34.21, 52.30, 53.47, 53.48, 62.30,
67.00, 67.01, 67.04, 67.05, 69.23, 73.57, 105.80, 105.81, 127.09, 127.15, 127.17, 127.18,
127.19, 127.21, 128.79, 128.80, 128.81, 128.85, 128.88, 128.90, 136.42, 136.43, 137.75,
138.87, 139.22, 140.44, 140.45, 143.20, 152.64, 153.33, 160.43, 160.46, 172.90;
MALDI-TOF MS calc. for C250H388O20: 3710.93, found m/z: 3715.88 [M+H+].
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3-(3',5'-Bis(3-(3',5'-bis(3-(3',4',5'-tris(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4yl)propoxy)biphenyl-4-yl)propan-1-ol [(3,4,5BpPr-(3,5BpPr)2)12G3-CH2OH] (39b).
To a stirring suspension of LiAlH4 (0.04 g, 1 mmol) in dry THF (4 mL) at 0C under N2
was added as solution of (3,4,5BpPr-(3,5BpPr)2)12G3-CO2CH3 (0.05 g, 0.01 mmol) in
dry THF (10 ml) dropwise via addition funnel.

Following complete addition of

(3,4,5BpPr-(3,5BpPr)2)12G3-CO2CH3 the reaction was allowed to warm to room
temperature and proceed for an additional 7h at which point the starting material was
completely consumed according to TLC. The reaction mixture was quenched via slow
sequential addition of 0.1 ml H2O, 0.1 ml aqueous 15% NaOH and 0.3 ml of H2O and
stirred for a further 30 min. The salts were filtered over Celite 54. The filtrate was dried
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over MgSO4 and the solvent was removed at reduced pressure. The crude product was
purified by recrystallization from CH2Cl2/methanol yielding a white powder (46 mg, 94
%). Purity (HPLC), 99+ %; mp 37 °C(DSC); 1H NMR (CDCl3, 500 MHz, δ, ppm ): 0.82–
1.00 (m, J = 6.8 Hz, 36H, z), 1.00– 1.45 (m, 193H, a + y), 1.45 –1.56 (m, 24H, x), 1.73–
1.90 (m, 24H, w), 1.90– 1.99 (m, 2H, c), 2.10– 2.36 (m, 12H, j + q), 2.70 – 2.81 (m, 2H,
d), 2.81 – 3.02 (m, 12H, k + r), 3.62– 3.86 (m, 2H, b), 3.87 – 4.25 (m, 36H, i + p + v),
6.45– 6.53 (m, 3H, h +o), 6.66 – 6.83 (m, 14H, g + n + u), 7.19 – 7.39 (m, 14H, e + l
+s), 7.40 – 7.60 (m, 14H, f + m +t ); 13C NMR (CDCl3, 125 MHz, δ, ppm): 14.16, 22.73,
22.74, 26.16, 26.19, 29.38, 29.39, 29.41, 29.44, 29.47, 29.49, 29.61, 29.63, 29.64, 29.68,
29.70, 29.74, 29.78, 29.80, 29.84, 30.40, 30.87, 30.89, 30.89, 30.93, 31.72, 31.81, 31.82,
31.85, 31.96, 31.98, 34.21, 53.47, 53.48, 62.30, 67.00, 67.01, 67.04, 67.05, 69.23, 73.57,
105.80, 105.81, 127.09, 127.15, 127.17, 127.18, 127.19, 127.21, 128.79, 128.80, 128.81,
128.85, 128.88, 128.90, 136.42, 136.43, 137.75, 138.87, 139.22, 140.44, 140.45, 143.20,
152.64, 153.33, 160.43, 160.46. MALDI-TOF MS calc. for C249H388O19: 3682.95, found
m/z: 3685.65 [M+H+].
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Methyl-3-(3',5'-bis(3-(3',4'-bis(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4yl)propanoate [(3,4BpPr-3,5BpPr)12G2-CO2CH3] (36a). A round bottom flask was
charged with (3,4BpPr)12G1-CH2Br (4g, 6.25 mmol), K2CO3 (4.93 g, 35.72 mol), and
DMF (110 mL). The reaction vessel was purged with nitrogen for 30 min, after which the
reaction was heated to 80C and a solution of methyl 3',5'-dihydroxy-4biphenylpropanoate (0.81 g, 2.97 mol) in DMF (40 mL) was added dropwise via addition
funnel over a period of 1 h. The reaction was allowed to proceed at 80C for 24 h, after
which the reaction was cooled to room temperature and poured into ice water. The crude
product was filtered and dried under air. The filtrate was extracted with ethyl acetate and
dried over magnesium sulfate. The solvent was removed under reduced pressure. The
combined crude product was purified by column chromatography (silica gel,
CH2Cl2/hexanes 4:3) followed by recrystallization from acetone/CH2Cl2. Yield 3.87 g (93
%). Purity (HPLC), 99+ %; mp 95 oC; 1H NMR (CDCl3, 500 MHz, δ, ppm ): 0.88 (t, J =
7.0 Hz, 12H, t), 1.29 (m, 64H, s), 1.49 (m, 8H, r), 1.84 (m, 8H, q), 2.12 (m, 4H, i), 2.66
(t, J = 7.8 Hz, 2H, a), 2.84 (m, 4H, j), 2.98 (t, J = 7.7 Hz, 2H, c), 3.68 (s, 3H, a), 4.03 (m,
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16H, p), 6.45 (t, J = 2.2 Hz, 1H, g), 6.71 (d, J = 2.2 Hz, 2H, f), 6.92 (d, J = 8.2 Hz, 2H, o),
7.09 (m, 4H, n + m), 7.26 (m, 6H, d + k), 7.46 (m, 6H, e + l); 13C NMR (CDCl3, 125
MHz, δ, ppm): 14.00, 22.61, 26.03, 29.29, 29.37, 29.39, 29.58, 29.59, 29.64, 29.69,
29.72, 29.74 30.80, 31.66, 31.75, 31.87, 33.03, 68.05, 69.70, 70.15, 100.31, 106.24,
112.76, 113.85, 119.21, 125.92,

126.89, 128.68, 129.21, 133.21,

138.21, 138.42,

140.00, 141.68, 144.53, 148.62, 149.42, 161.41, 173.98; MALDI-TOF MS calc. for
C94H140O8: 1397.05, found m/z: 1400.73 [M+H+].

3-(3',5'-Bis(3-(3',4'-bis(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4-yl)propan-1-ol
[(3,4BpPr-3,5BpPr)12G2-CH2OH] (36b). To a stirring suspension of LiAlH4 (0.19 g,
5.23 mmol) in dry THF (15 mL) at 0 C under N2 was added a solution of (3,4BpPr3,5BpPr)12G2-CO2CH3 (3.17 g, 2.26 mmol) in dry THF (30 mL) dropwise via addition
funnel. Following complete addition of (3,4BpPr-3,5BpPr)12G2-CO2CH3 the reaction
was allowed to warm to room temperature and proceed for an additional 15 h, at which
point the starting material was completely consumed according to TLC. The reaction
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mixture was quenched via slow sequential addition of 0.7 ml H2O, 0.7 ml 15 % aqueous
NaOH and 2.1 ml of H2O and stirred for a further 30 min. The salts were filtered over
Celite 545. The filtrate was dried over MgSO4 and the solvent was removed at reduced
pressure. The crude product was purified by recrystallyzation from CH2Cl2/methanol
yielding white crystals (3.15 g, 97%). Purity (HPLC), 99+ %; mp.73 °C (DSC); 1H NMR
(CDCl3, 500 MHz, δ, ppm ): 0.88 (t, J = 7.0 Hz, 12H, u), 1.30 (m, 65H, a + t), 1.49 (m,
8H, s), 1.82 (m, 8H, r), 1.92 (m, 2H, c), 2.10 (m, 4H, i), 2.72 (t, J = 8.0 Hz, 2H,d), 2.84 (t,
J = 7.6, 4H, j), 3.69 (dd, J1 = 11.8 Hz, 6.4 Hz, 2H, b), 4.03 (m, 12H, p), 6.45 (t, J = 2.2
Hz, 1H, g), 6.71 (d, J = 2.2 Hz, 2H, f), 6.92 (d, J = 8.2 Hz, 2H, o), 7.10 (m, 4H, n + m),
7.22 (d, J = 8.4 Hz, 2H, d), 7.25 (d, J = 8.3 Hz, 4H, k), 7.46 (m, 6H, e + j)

13

C NMR

(CDCl3, 125 MHz, δ, ppm): 14.00, 22.61, 26.03, 29.29, 29.37, 29.39, 29.58, 29.59, 29.64,
29.69, 29.72, 29.74, 30.80, 31.66, 31.75, 31.87, 34.13, 62.23, 67.05, 69.50,

69.55,

100.31, 105.94, 113.36, 114.41, 119.47, 126.78, 127.09, 128.68, 128.81, 134.21,
138.79,138.82, 139.99, 141.16, 143.15, 148.80, 149.42, 160.44; MALDI-TOF MS calc.
for C93H140O7: 1369.06, found m/z: 1372.53 [M+H+].
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4',4''-(3,3'-(4'-(3-Bromopropyl)biphenyl-3,5-diyl)bis(oxy)bis(propane-3,1diyl))bis(3,4-bis(dodecyloxy)biphenyl) [(3,4BpPr-3,5BpPr)12G2-CO2CH3] (36c). To
a stirring solution of (3,4BpPr-3,5BpPr)12G2-CH2OH (1.0 g, 0.73 mmol) in THF (40
mL), was added PPh3 (0.23, 0.88 mmol). The reaction mixture was allowed to stir at
room temperature for 10 min under N2. NBS (0.15 g, 0.84 mmol) was added in one
portion. The reaction mixture was allowed to stir for 2 h and then precipitated in MeOH
(300 mL). The precipitate was collected and dried. The pure product was obtained via
column chromatography (silica gel, CH2Cl2/hexane 4:1). Yield 0.88 g (85 %). Purity
(HPLC), 99+%; mp.57.6 °C (DSC); 1H NMR (CDCl3, 500 MHz, δ, ppm ): 0.89 (t, J = 6.2
Hz, 12H), 1.31 (m, 64H, t), 1.49 (m, 8H, s), 1.83 (quintet, J = 7.1 Hz, 8H), 2.15 (m, 4H,
j), 2.20 (m, 2H, b), 2.83 (m, 6H, c + j), 3.42 (t, J = 6.5 Hz, 2H, a), 4.04 (m, 12H, p), 6.46
(t, J = 2.2 Gz, 1H, g), 6.72 (d, J = 2.2 Hz, 2H, f), 6.93 (d, J = 8.2 Hz, 2H, o), 7.10 (m, 4H,
m + n), 7.24 (d, J = 8.1 Hz, 2H, d), 7.26 (d, J = 8.1 Hz, 4H, k), 7.47 (d, J = 8.1 Hz, 4H, l),
7.50 (d, J = 8.1 Hz, 2H, e);

13

C NMR (CDCl3, 125 MHz, δ, ppm): 14.00, 22.60, 26.00,

29.31, 29.39, 29.41, 29.60, 29.61, 29.66, 31.9, 34.23, 69.50, 69.56, 69.80, 106.0, 106.70,
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107.20, 108.60, 112.90, 113.40, 114.40, 119.50, 126.77, 126.79, 127.20, 128.80, 129.30,
140.00, 148.10, 149.50; MALDI-TOF MS calc. for C93H139BrO6:1430.98, found m/z:
1334.60 [M+H+ ].

Methyl

3-(3',5'-bis(3-(3',5'-bis(3-(3',4'-bis(dodecyloxy)biphenyl-4-

yl)propoxy)biphenyl-4-yl)propoxy)biphenyl-4-yl)propanoate

[(3,4BpPr-

(3,5BpPr)2)12G3-CO2CH3] (40a). A round-bottom flask was charged with (3,4BpPr3,5BpPr)12G2-CH2Br (0.54g, 0.37 mmol), K2CO3 (0.29 g, 2.15 mmol), and DMF (110
mL). The suspension was sparged with N2 for 30 min, after which the reaction was
heated to 80C and a solution of methyl 3',5'-dihydroxy-4-biphenylpropanoate (0.05 g,
0.18 mmol) in DMF (40 mL) was added dropwise via addition funnel over a period of 1
h. The reaction was allowed to proceed at 80C for 24 h, after which the reaction was
cooled to room temperature and poured into ice water. The crude product was filtered and
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dried under air. The filtrate was extracted with ethyl acetate and dried over MgSO4. The
solvent was removed under reduced pressure. The combined crude product was purified
by column chromatography (silica gel, CH2Cl2/hexanes 2:1) followed by recrystallization
from CH2Cl2/acetone. Yield 0.44 g (83 %). Purity (HPLC), 99+ %; mp. 56 °C (DSC); 1H
NMR (CDCl3, 500 MHz, δ, ppm ): 0.87 (t, J = 7.1 Hz, 24H, a’), 1.30 (m, 128H, z), 1.47
(m, 16H, y), 1.84 (m, 16H, x), 2.14 (m, 10H, i + p), 2.64 (t, J = 7.4 Hz, 2H, b), 2.80 (m,
10H, j + q), 2.97 (t, J = 7.6 Hz, 2H, c), 3.67 (s, 3H, a), 4.03 (m, 28H, h + o + w), 6.44 (m,
3H, g + n), 6.71 (dd, J1 = 7.6 Hz, J2 = 2.1 Hz, 6H, f + m), 6.91 (d, J = 8.3 Hz, 4H, v),
7.09 (m, 8H, G1: t + u), 7.26 (m, 14H, d + k + r), 7.48 (m, 14H, e + l + s), 13C NMR
(CDCl3, 125 MHz, δ, ppm): 14.17, 22.69, 22.73, 26.07, 26.10, 29.26, 29.31, 29.31, 29.32,
29.34, 29.37, 29.40, 29.41, 29.49, 29.62, 29.63, 29.69, 29.70, 29.75, 30.58, 30.88,30.89,
30.91, 30.93, 31.82, 31.88, 31.94, 31.97, 35.64, 51.70, 53.47, 67.05, 69.36, 69.38, 69.41,
69.43, 100.10, 105.90, 113.02, 114.07, 119.43, 126.86, 126.89, 127.21, 127.29, 128.66,
128.90, 134.12, 138.85, 138.88, 139.22, 140.07, 140.96, 143.19, 148.68, 149.29, 160.46,
173.36; MALDI-TOF MS calc. for C202H292O16: 2974.20, found m/z: 2976.67 [M+H+].
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3-(3',5'-Bis(3-(3',5'-bis(3-(3',4'-bis(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4yl)propoxy)biphenyl-4-yl)propan-1-ol [(3,4BpPr-(3,5BpPr)2)12G3-CH2OH] (40b).
To a stirring suspension of LiAlH4 (5 mg, 0.01 mmol) in dry THF (5 mL) at 0 C under
N2 was added a solution of (3,4BpPr-(3,5BpPr)2)12G3-CO2CH3 (0.16g, 0.05 mmol) in
dry THF (20 mL) dropwise via addition funnel. Following complete addition of
(3,4BpPr-(3,5BpPr)2)12G3-CO2CH3 the reaction was allowed to warm to room
temperature and proceed for an additional 6h at which point the staring materials was
completely consumed according to TLC. The reaction mixture was quenched via slow
sequential addition of 0.1 ml H2O, 0.1 ml 15 % aqueous NaOH aqueous and 0.3 ml of
H2O and stirred for a further 30 min. The salts were filtered over Celite 545. The filtrate
was dried over MgSO4 and the solvent was removed at reduced pressure. The crude
product was purified by recrystallyzation from CH2Cl2/acetone yielding white crystals
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0.12 g (80 %). Purity (HPLC), 99+ %; mp. 77 °C (DSC); 1H NMR (CDCl3, 500 MHz, δ,
ppm ): 0.87 (t, J = 7.0 Hz, 24H, b’), 1.29 (m, 129H, a + a’), 1.46 (m, 16H, z), 1.80 (m,
16H, y), 1.91 (m, 2H, c), 2.14 (m, 10H, j + q), 2.72 (t, J = 7.7 Hz, 2H, d), 2.85 (m, 10H,
G1: k + r), 3.69 (dd, J1 = 11.7 Hz, J2 = 6.5 Hz, 2H, b), 4.03 (m, 28H, i + p + x), 6.45 (m,
3H, h + o), 6.72 (m, 6H, g + n ), 6.92 (d, J = 8.3 Hz, 4H, w), 7.09 (m, 8H, u + v), 7.25
(m, 14H, d + l + s), 7.47 (m, 14H, f + m + t );

13

C NMR (CDCl3, 125 MHz, δ, ppm):

14.47, 23.07, 26.48, 29.75, 29.84, 29.97, 30.03, 30.09, 31.28, 32.10, 32.21, 32.26, 32.31,
34.56, 62.66, 67.50, 69.90, 69.95, 106.38, 113.72, 114.75, 119.88, 127.21, 127.56,
129.13, 129.23, 134.61, 139.24, 140.44, 143.59, 149.20, 149.81, 160.87;. MALDI-TOF
MS calc. for C201H292O15: 2946.21, found m/z: 2947.82 [M+H+].
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Methyl

3-(3',5'-bis(3-(3',4',5'-tris(3-(4'-(dodecyloxy)biphenyl-4-

yl)propoxy)biphenyl-4-yl)propoxy)biphenyl-4-yl)propanoate

[(4BpPr-3,4,5BpPr-

3,5BpPr)12G2-CO2CH3] (37a). A round bottom flask was charged with (4BpPr3,4,5BpPr)12G1-CH2Br (0.5g, 0.34 mmol), K2CO3 (0.26 g, 1.87 mmol), and DMF (50
mL). The suspension was sparged with N2 for 30 min, after which the reaction was
heated to 80 C and methyl 3',5'-dihydroxy-4-biphenylpropanoate (0.042 g, 0.156 mmol)
in DMF (10 mL)was added dropwise via addition funnel. The reaction was allowed to
proceed at 80C for 48 h, after which the reaction was cooled to room temperature and
poured into ice water. The solids were filtered and dried under air. The crude product was
purified by column chromatography (silica gel, CH2Cl2:hexanes 4:1) followed by
recrystallization from THF/methanol. Yield 0.38 g (83 %). Purity (HPLC), 99+ %; mp
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150 °C (DSC); 1H NMR (CDCl3, 500 MHz, δ, ppm ): 0.88 (t, J = 7.0 Hz, 18H, y), 1.15 1.41 – 1.15 (m, 96H, x), 1.41 - 1.64 (m, 12H, w), 1.71 - 1.92 (m, 12H, v), 2.04 - 2.30
(m, 16H, i + o + a’), 2.66 (t, J = 8.1 Hz, 2H, b), 2.78 - 2.89 (m, 12H, p + b’), 3.07 – 2.89
(m, 6H, c + j), 3.67 (s, 3H, a), 3.96 (m, 12H, u), 4.02 (t, J = 6.1 Hz, 4H, n), 4.09 (t, J =
6.3 Hz, 8H, z), 4.14 (t, J = 6.3 Hz, 4H, h), 6.45 (t, J = 2.3 Hz, 1H, g), 6.71 (d, J = 2.2 Hz,
2H, f), 6.75 (s, 4H, G2: m), 6.84 - 7.00 (m, 12H, t + f’), 7.16 - 7.34 (m, 18H, d + k + q +
c’), 7.38 - 7.52 (m, 30H, e + l + r +s + d’ + e’). 13C NMR (CDCl3, 125 MHz, δ, ppm):
14.19, 22.75, 26.12, 26.13, 29.37, 29.39, 29.41, 29.43, 29.48, 29.50, 29.65, 29.67, 29.68,
29.69, 29.72, 30.59, 30.89, 31.12, 31.83, 31.88, 31.97, 32.11, 32.21, 35.64, 51.72, 67.02,
68.08, 68.09, 68.13, 72.97, 100.22, 105.73, 105.76, 105.89, 114.67, 114.71, 114.74,
126.64, 126.67, 126.70, 126.73, 127.10, 127.26, 127.30, 127.92, 127.95, 127.97, 128.68,
128.71, 128.86, 128.91, 128.94, 128.96, 133.34, 133.42, 136.68, 137.57, 138.34, 138.56,
139.04,139.22, 139.94, 139.95, 140.56, 140.62, 143.11, 153.19, 158.51, 158.57, 160.47,
173.34; MALDI-TOF MS calc. for C208H272O16: 3049.04 [M+Na+], found m/z: 3051.28
[M+Na+].
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3-(3',5'-Bis(3-(3',4',5'-tris(3-(4'-(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4yl)propoxy)biphenyl-4-yl)propan-1-ol

[(4BpPr-3,4,5BpPr-3,5BpPr)12G2-CH2OH]

(37b). To a stirring suspension of LiAlH4 (5 mg, 0.9 mmol) in dry THF (10 mL) at 0 C
under N2 was added a solution of (4BpPr-3,4,5BpPr-3,4BpPr)12G2-CO2CH3 (0.2g, 0.06
mmol) in dry THF (30 mL) dropwise via addition funnel. Following complete addition of
(4BpPr-3,4,5BpPr-3,4BpPr)12G2-CO2CH3 the reaction was allowed to warm to room
temperature and proceed for an additional 15h at which point the starting material was
completely consumed according to TLC. The reaction mixture was filtered over Celite
545. The filtrate was dried over MgSO4 and the solvent was removed at reduced pressure.
The crude product was purified by column chromatography (silica gel, CH2Cl2/ethyl
acetate 9:1) followed by precipitation from CH2Cl2:methanol to yield a white powder
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(0.15 g, 83 %). Yield 0.38g (83 %). Purity (HPLC), 99+%; mp 161 °C (DSC) 1H NMR
(CDCl3, 500 MHz, δ, ppm ): 0.92 (t, J = 6.9 Hz, 18H, z), 1.21 - 1.43 (m, 97H, a + y),.
1.43 - 1.65 (m, 12H, x), 1.74 - 1.88 (m, 12H, w), 1.88 - 2.08 (m, 2H, c), 2.08 - 2.34 (m,
16H, j = p + b’), 2.70 - 2.81 (m, 2H, d), 2.81 - 2.94 (m, 12H, q + c’), 2.94 - 3.05 (m,
4H, i), 3.69 - 3.76 (m, 2H, b), 3.96 - 4.03 (m, 12H, v), 4.06 (t, J = 6.3 Hz, 4H, q), 4.13 (t,
J = 6.1 Hz, 8H, c’), 4.18 (t, J = 6.2 Hz, 4H, k), 6.48 (t, J = 2.0 Hz, 1H, h), 6.73 (d, J = 2.2
Hz, 2H, g), 6.79 (s, 4H, n), 6.95 (m, 12H, u + g’), 7.20 - 7.38 (m, 18H, e + l + r + d’),
7.42 - 7.54 (m, 30H, f + m + s + t + e’ + f’);

13

C NMR (CDCl3, 125 MHz, δ, ppm):

14.19, 22.75, 26.13, 26.14, 29.37, 29.39, 29.41, 29.49, 29.51, 29.65, 29.67, 29.70, 29.73,
30.86, 31.12, 31.73, 31.83, 31.88, 31.98, 32.11, 32.21, 34.23, 62.30, 67.00, 68.08, 68.10,
68.13, 72.98, 100.23, 105.75, 105.83, 105.83, 114.69, 114.72, 114.74, 126.64, 126.67,
126.73, 127.10, 127.16, 127.93, 127.95, 127.97, 128.81, 128.94, 128.97, 133.35, 133.42,
136.70, 137.55, 138.34, 138.56, 138.76, 139.03, 139.93, 140.57, 140.62, 141.33, 143.19,
153.20, 158.52, 158.58, 160.45; MALDI-TOF MS calc. for C207H272O15: 2998.05, found
m/z: 3002.01 [M+H+].
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Methyl 3-(3',5'-bis(3-(3',4'-bis(3-(4'-(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4yl)propoxy)biphenyl-4-yl)propanoate

[(4BpPr-3,4BpPr-3,5BpPr)12G2-CO2CH3]

(38a). A round bottom flask as charged with (4BpPr-3,4BpPr)12G1-CH2Br (0.75g, 0.74
mmol), K2CO3 (0.55 g, 4.02 mmol), and DMF (45 mL). The suspension was sparged with
N2 for 30 min, after which the reaction was heated to 80C and a solution of methyl 3',5'dihydroxy-4-biphenylpropanoate (0.09 g, 0.35 mmol) in DMF (10 mL)was added
dropwise via addition funnel. The reaction was allowed to proceed at 80C for 24 h, after
which the reaction was cooled to room temperature and poured into ice water. The solids
were filtered and dried under air. The crude product was purified by column
chromatography (silica gel, CH2Cl2 /hexanes 4:1) followed by recrystallization from
CH2Cl2/acetone .Yield 0.48 g (65%). Purity (HPLC), 99+%; mp 197 oC; 1H NMR
(CDCl3, 500 MHz, δ, ppm ): 0.89 (t, J = 6.5 Hz, 12H, a’), 1.28 (bs, 64H, z’), 1.47(m, 8H,
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y), 1.80 (m, 8H, x), 2.14 (m, 4H, i), 2.21 (m, 8H, q), 2.67 (t, J = 7.7 Hz, 2H, b), 2.86 (t, J
= 7.3 Hz, 4H, j), 2.90 (t, J = 7.2 Hz, 8H, r), 2.99 (t, J = 8.0 Hz, 2H, c), 3.69 (s, 3H, a),
3.98 (m, 8H, w), 4.03 (t, J = 6.0 Hz, 4H, h), 4.10 (t, J = 6.3 Hz, 4H, p), 4.14 (t, J = 5.9
Hz, 4H, b’), 6.46 (t, J = 2.0 Hz, 1H, g), 6.72 (d, J = 2.0 Hz, 2H, f), 6.94 (m, 10H, o + v +
h’), 7.12 (m, 4H, m + n ), 7.25 (m, 14H, d + k + s + e’’), 7.49 (m, 22H, e + l + u + t +g’
+ f’); 13C NMR (CDCl3, 125 MHz, δ, ppm): 14.03, 22.63, 22.64, 26.04, 29.29, 29.31,
29.38, 29.54, 29.56, 29.58, 29.59, 29.60, 29.62, 29.63, 29.63, 29.64, 30.55, 30.79, 30.81,
31.02, 31.03, 31.76, 31.79, 31.87, 31.88, 35.55, 51.53, 53.32, 67.07, 68.10, 68.45,
68.52, 100.34, 105.98, 113.45, 114.53, 114.76, 114.77, 119.67, 126.64, 126.79, 127.22,
127.86, 128.55, 128.84, 128.85, 133.38, 134.42, 138.51, 138.53, 138.69, 139.85, 139.98,
139.99, 140.07, 143.05, 148.70, 149.33, 158.57, 160.47, 173.18; MALDI-TOF-MS m/z
calcd. for C154H196O12 [M+Na+]: 2260.46, found: 2260.69 [M+Na+].
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3-(3',5'-Bis(3-(3',4'-bis(3-(4'-(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4yl)propoxy)biphenyl-4-yl)propan-1-ol

[(4BpPr-3,4BpPr-3,5BpPr)12G2-CH2OH]

(38b). To a stirring suspension of LiAlH4 (37.8 mg, 1.00 mmol) in dry THF (3 mL) at
0C under N2 was added a solution of (4BpPr-3,4BpPr-3,5BpPr)12G2-CO2CH3 (1.05 g,
0.47 mmol) in anhydrous THF (8 mL) dropwise via addition funnel. Following complete
addition of (4BpPr-3,4BpPr-3,5BpPr)12G2-CO2CH3 the reaction was allowed to warm to
room temperature and a reflux condenser was attached. The reaction mixture was heated
to reflux at 75 °C for an additional 12 h. The reaction mixture was cooled to room
temperature and the reaction mixture was quenched via slow sequential additional with
0.04 mL H2O, 0.04 mL 15 % NaOH aqueous solution and 0.12 mL of H2O and stirred for
a further 30 min. The salts were filtered over Celite 545. The filtrate was was dried over
MgSO4 and the solvent removed at reduced pressure. The crude product was purified via
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recrystallization from acetone with a minimal amount of CH2Cl2. Yield 0.89 g (83 %).
Purity (HPLC), 99+ %; mp 204 oC; 1H NMR (CDCl3, 500 MHz, δ, ppm ): 0.90 (t, J = 6.3
Hz, 12H, b’), 1.29 (bs, 65H, a, b’), 1.47 (m, 8H, z), 1.80 (m, 8H, y), 1.93 (m, 2H, c), 2.15
(m, 4H, j), 2.22 (m, 8H, r + d’), 2.75 (t, J = 8.0 Hz, 2H, d), 2.87 (t, J = 7.6 Hz, 4H, k),
2.91 (t, J = 7.8 Hz, 8H, s + e’), 3.71 (t, J = 6.4 Hz, 2H, b), 3.95 (m, 8H, x), 4.04 (t, J =
6.1 Hz, 4H, i), 4.10 (t, J = 6.2 Hz, 4H, q), 4.14 (t, J = 6.2 Hz, 4H, c’), 6.47 (t, J = 2.1 Hz,
1H, h), 6.73 (d, J = 2.1 Hz, 2H, g), 6.95 (m, 10H, k + w +i'), 7.12 (m, 4H, o + n), 7.25
(m, 14H, e + l + t +f’),7.47 (m, 22H, f + m + u + v + g’ + h’); 13C NMR (CDCl3, 125
MHz, δ, ppm): 14.18, 22.72, 22.74, 26.11, 29.35, 29.40, 29.47, 29.64, 29.66, 29.68,
29.71, 29.74, 30.86, 31.02, 31.04, 31.72, 31.80, 31.82, 31.96, 34.21, 53.47, 62.31, 67.01,
68.09, 68.33, 68.39, 100.19, 105.86, 113.16, 114.26, 114.73, 119.64, 126.71, 126.74,
126.87, 127.17, 127.94, 128.79, 128.94, 133.36, 134.35, 138.53, 138.54, 138.71, 138.80,
140.03, 140.04, 140.14, 141.25, 143.18, 148.58, 149.21, 158.56, 160.45; MALDI-TOFMS m/z calcd. for C153H196O11 [M+Na+]: 2232.47, found: 2233.49 [M+Na+].
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4.4.4 DSC Traces
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Supporting Figure 4.SF13 - DSC traces on heating at 10 °C min-1, 5 °C min-1, 2 °C min1
, and 1 °C min-1 for the compound (3,4BpPr-3,5BpPr)12G2CH2OH. Transition
temperatures (°C) and enthalpy changes (in parentheses kcal/mol) are marked on the
figure. Peak intensities are not scaled.
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4.4.5 GPC Traces of Dendrons

Supporting Figure 4.SF14 - GPC traces of the library of AB3 3,4,5-trisubstituted
dendrons.
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Supporting Figure 4.SF15 - GPC traces of the library of AB2 3,4-disubstituted
dendrons.
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Supporting Figure 4.SF16 - GPC traces of the library of AB2 3,5-disubstituted
dendrons.
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4.4.6 Dependence of Mn () and of the Ratio Mn/MWt () vs Theoretical Molecular
Weight (MWt)

Supporting Figure 4.SF17 - Dependence of Mn () and the ratio Mn/MWt () vs
theoretical molecular weight (MWt) of the library of 3,4,5-trisubstituted dendrons.
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Supporting Figure 4.SF18 - Dependence of Mn () and the ratio Mn/MWt () vs theoretical
molecular weight (MWt) of the library of 3,4-disubstituted dendrons.
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Supporting Figure 4.SF19 - Dependence of Mn () and the ratio Mn/MWt () vs theoretical
molecular weight (MWt) of the library of 3,5-disubstituted dendrons.
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4.4.7 Theoretical and Experimental Molecular Weights Determined by GPC and
Thermal Transitions by DSC
Supporting Table 4.ST1 - Theoretical and Experimental Molecular Weights Determined by GPC
and Thermal Transitions by DSC of Library of 3,4,5-Trisubstituted Dendrons
Mn Mw/Mn Thermal transitions (ºC) and corresponding enthalpy changes (kcal/mol)a
MWt (GPC) (GPC)
heating
cooling
i 6 (13.48) Lam(k, bilayer)
793.3 774 1.01 Lam(k, bilayer) 12 (-6.19) Lam(k, bilayer) 34
(22.25) i
Lam(k, bilayer) 12 (-6.38) Lam(k, bilayer )34
(22.48) i
(3,4,5BpPr)12G1-CH2OH
765.2 772 1.01 Lam(k, bilayer) 45 (15.31) i
i 23 (10.82) r-s 18 (0.46) r-sk
r-sk 30 (1.55) r-s 45 (15.34) i
2530.0 2307 1.01 Cub (k) 8 (2.47) Cub 35 (2.47) i
(3,4,5BpPr)212G2-CO2CH3
i 32 (3.00) Cub -8 (3.32) Cub (k)
Cub (k) 8 (2.28) Cub 35 (2.65) i
(3,4,5BpPr)212G2-CH2OH
2502.0 2295 1.01 Cub (k) -6 Cub 77 (2.02) i
i 73 (2.29) Cub -19 (1.72) Cub (k)
Cub (k) -6 Cub 76 (3.12) i
3
(3,4,5BpPr) 12G3-CO2CH3
7740.2 7836 1.08 Cub (k) -10 (11.89) Cub 83 (0.40) i
i 73 (2.29) Cub -18 (10.05) Cub
Cub (k) -11 (11.21) Cub 76 (0.48) i
(k)
(3,4,5BpPr)312G3-CH2OH
7712.1 7841 1.06 Cub (k) -11 (16.59) Cub 94 (1.01) i
i -18 (17.89) Cub 97 (0.8)
Cub (k) -11 (17.89) Cub 94 (0.0) i
i 100 (8.30) Cub 16 (4.22) Cub (k)
1977.0 1564 1.02 Cub(k) 60 (16.52) 61(1.77) Cub 101
(3,4BpPr-3,4,5BpPr)12G2(7.51) i
CO2CH3
Cub (k) 39 (-6.72) 58 (6.06) Cub 101
(7.53) i
(3,4BpPr-3,4,5BpPr)12G2-CH2OH 1949.0 1570 1.03 Cub (k) 67 (15.29) Cub 129 (7.18) i
i 128 (7.52) Cub 60 Cub (g)
Cub (g) 65 (0.66) Cub 129 (7.18) i
6081.3 6313 1.04 Cub (k) 63 (17.26) Cub 156 (12.05) i
(3,4BpPr-(3,4,5BpPr)2)12G3i 154 (8.33) Cub 63 Cub (g)
CO2CH3
Cub (g) 63 Cub 156 (12.59) i
(3,4BpPr-(3,4,5BpPr)2)12G36053.7 6107 1.04 Cub (k) 67 (48.89) Cub 169 (16.14) i
i 168 (16.70) Cub 66 Cub (g)
CH2OH
Cub(g) 66 Cub 169 (15.86) i
(4BpPr-3,4,5BpPr)12G1-CO2CH3 1424.1 1392 1.02 r-c 90 (1.83) Lam(k,tetralayer) 132 (20.73) i i 125 (4.04) S(bilayer) 114 (15.49)
Lam(k, tetralayer)
Lam(k, tetralayer) 132 (20.26) i
(4BpPr-3,4,5BpPr)12G1-CH2OH 1396.1 1394 1.02 Lam(k, bilayer) 94 (4.81) h io 111 (9.56)
i 145 (6.71) h 92 (9.86) h
h 146 (6.74) i
hio 112 (10.02) h 146 (6.78) i
4422.4 4102 1.04 r-ck 55 (49.78) r-c 82 (15.46) h 131 i 122 (0.06) h 70 (23.38) r-c
(4BpPr-(3,4,5BpPr)2)12G2CO2CH3
(0.73) i
r-c 30 (-32.05) r-ck 55 (36.54) r-c 83
(14.91) h 130 (0.04) i
(4BpPr-(3,4,5BpPr)2)12G24394.4 4080 1.04 r-ck 89 (29.8) h 125 (0.1) i
i 124 (0.1) h 81 (14.8) r-c
CH2OH
r-c 81 (14.8) h 125 (0.1) i
i 240 (20.34) Cub Cub(g) 57
(4BpPr-3,4BpPr-3,4,5BpPr)12G2- 3238.7 2420 1.01 Cub (k) 77 (21.75) Cub 243 (16.94) i
Cub (k) 71 (6.76) Cub (g) Cub 244 (13.83) (6.32) Cub (k)
CO2CH3
i
(4BpPr-3,4BpPr-3,4,5BpPr)12G2- 3210.6 2800 1.01 hio 61 (2.89) h 180 Cub 248 (16.59) i i 238 (7.73) Cub 180 h 50
CH2OH
hio 70 (0.80) h 180 Cub 248 (9.24) i
(1.21) hio
Dendron
(3,4,5BpPr)12G1-CO2CH3

a

Thermal transitions (ºC) and enthalpy changes (kcal/mol) were determined by DSC (10 ºC/min), data from the first
heating and cooling scans are on the first line, and the data from the second heating are on the second line; S(bilayer) =
smectic bilayer lattice; Lam(k,bilayer) = lamellar crystal with two layer repeat; Lam(k,tetralayer) = banana-like lamellar crystal
with four layer repeat; r-c = c2mm centered rectangular columnar lattice; r-ck = crystalline c2mm centered
rectangular columnar lattice; h = p6mm hexagonal columnar lattice; hio = hexagonal columnar lattice with internal
order; Cub =
isotropic.

cubic lattice; Cub(k) = crystalline

cubic lattice; Cub(g) = glassy

cubic lattice; i =
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Supporting Table 4.ST2 - Theoretical and Experimental Molecular Weights Determined by
GPC and Thermal Transitions by DSC of the Library of 3,4-Disubstituted Dendrons
Dendron
(3,4,5BpPr-3,4BpPr)12G2CO2CH3
(3,4,5BpPr-3,4BpPr)12G2CH2OH
(3,4,5BpPr-(3,4BpPr)2)12G3CO2CH3
(3,4,5BpPr-(3,4BpPr)2)12G3CH2OH
(3,4BpPr)12G1-CO2CH3

Mn Mw/Mn
MWt (GPC) (GPC)
1766.7 1600 1.01
1738.7

1640

1.01

3713.7

3534

1.02

3685.7

3493

1.03

608.9

580

1.02

(3,4BpPr)12G1-CH2OH

580.9

578

1.02

(3,4BpPr)212G2-CO2CH3

1398.1

1342

1.02

(3,4BpPr)212G2-CH2OH

1370.1

1317

1.02

(3,4BpPr)312G3-CO2CH3

2976.5

2908

1.03

(3,4BpPr)312G3-CH2OH

2948.5

2875

1.03

(4BpPr-3,4,5BpPr3,4BpPr)12G2-CO2CH3

3028.4

3001

1.03

(4BpPr-3,4,5BpPr3,4BpPr)12G2-CH2OH

3000.4

2979

1.03

(4BpPr-3,4BpPr)12G1CO2CH3

1029.5

992

1.02

(4BpPr-3,4BpPr)12G1CH2OH

1001.5

997

1.01

(4BpPr-(3,4BpPr)2)12G2CO2CH3

2239.2

1861

1.03

(4BpPr-(3,4BpPr)2)12G2CH2OH

2211.2

1837

1.02

Thermal transitions (ºC) and corresponding enthalpy changes (kcal/mol)a
heating
cooling
i 56 (5.78) Cub
Cub (k) 11 (3.69) Cub 58 (5.61) i
Cub 58 (5.72) i
Cub (k) 10 (1.26) Cub 92 (3.87) i
i 91 (3.88) Cub
Cub 92 (3.71) i
Cub 121 (5.52) i
i 117 (6.40) Cub
Cub 121 (5.91) i
Cub 133 (2.88) i
i 129 (2.90) Cub
Cub 133 (2.63) i
Lam(k, bilayer) 75 (16.74) i
i 62 (15.88) Lam(k, bilayer)
Lam(k, bilayer) 74 (16.90) i
Lam(k, bilayer) 86 (18.47) i
i 78 (18.46) Lam(k, bilayer)
Lam(k, bilayer) 86 (18.61) i
r-ck 50 (2.86) r-c 85 (10.01) Cub 123 i 121 (7.57) Cub 32 (4.62) r-ck
(7.50) i
r-ck 46 (0.31) r-c 83 (4.12) Cub 121
(7.57) i
Lam(k, bilayer) 47 (6.04) r-c io 74 (2.63) i 147 (18.43) Cub 29 (4.73)
Cub 149 (18.13) i
r-c io
r-c io 41 (3.80) Cub 149 (17.84) i
Cub 185 (14.36) i
i 184 (14.25) Cub
Cub 185 (14.22) i
Cub 196 (12.74) i
i 195 (13.81) Cub
Cub 196 (13.17) i
Lam(k, bilayer) 136 (12.22) r-sk 145 (5.11) i 171 (12.67) Cub 87 (13.02)
Cub(k)
Cub 172 (12.56) i
Cub(k) 100 (-10.65) r-sk 136 (14.58)
Cub 172 (12.49) i
Lam(k, bilayer) 106 (15.05) x 127 (7.79) i 186 (14.15) Cub 95 (11.11)
x + Cub(k)
Cub 188 (13.25) i
x + Cub(k) 128 (5.51) Cub 188 (13.91)
i
Lam(k, bilayer) 69 (0.71) 91 (-3.50) r-ck1 i 177 (4.95) h 84 (7.79) r-ck2
112 (10.15) h 179 (4.14) i
r-ck2 69 (0.68) 91 (-3.79) r-ck1 110
(10.23) h 179 (4.50) i
i 185 (8.71) r-c 96 (8.79) r-cio
Lam(k, bilayer) 115 (14.21) r-c 187
(8.14) i
r-cio 111 (7.38) r-c 187 (8.09) i
Lam(k, bilayer) 94 (3.25) hio 137 (0.09) i 241 (2.66) Cub 57 (1.19) Cub
Cub 242 (2.50) i
(k)
Cub (k) 70 (1.31) Cub 242 (2.45) i
Lam(k, bilayer) 57 (0.58) hio 103 (0.02) i 248 (1.81) Cub 55 (0.32)
Cub (k)
Cub 255 (1.65) i
Cub (k) 67 (0.38) Cub 255 (1.64) i

a

Thermal transitions (ºC) and enthalpy changes (kcal/mol) were determined by DSC (10 ºC/min), data from the first
heating and cooling scans are on the first line, and the data from the second heating are on the second line; Lam(k,bilayer)
= lamellar crystal with two layer repeat; X = unknown columnar lattice; r-c = c2mm centered rectangular columnar
lattice; r-ck = crystal c2mm centered rectangular columnar lattice; r-cio = rectangular columnar lattice with internal
order; r-sk = crystal p2mm simple rectangular columnar lattice; h = p6mm hexagonal columnar lattice; hio =
hexagonal columnar lattice with internal order; Cub(k) = crystal
isotropic.

cubic lattice; Cub =

cubic lattice; i =
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Supporting Table 4.ST3 - Theoretical and Experimental Molecular Weights Determined

by GPC and Thermal Transitions by DSC of the Library of 3,5-Disubstituted Dendrons
Mn Mw/Mn Thermal transitions (ºC) and the corresponding enthalpy changes
(GPC)(GPC) (kcal/mol)a
heating
cooling
(3,4,5BpPr-3,5BpPr)12G21766.7 1458 1.03 r-ck 9 (8.57) r-c 25 (4.43) i
i -1 (7.49) r-ck
CO2CH3
r-ck 9 (8.46) r-c 23 (2.66) i
(3,4,5BpPr-3,5BpPr)12G21738.7 1721 1.02 Tet 44 (1.32) i
i 40 (1.22) Tet
CH2OH
Tet 43 (1.46) i
3713.7 3293 1.04 Cub (x) -3 (6.96) i
(3,4,5BpPr-(3,5BpPr)2)12G3i -17 (6.11) Cub (x)
CO2CH3
Cub (x) -2 (6.83) i
2
(3,4,5BpPr-(3,5BpPr) )12G33685.7 3108 1.04 Tet (k) -2 (3.64) Tet 38 (0.17) i
i 36 (0.23) Tet -17 (2.64) Tet
CH2OH
Tet (k) -2 (4.62) Tet 38 (0.18) i
(k)
(3,4BpPr-3,5BpPr)12G2-CO2CH3 1398.1 1381 1.01 Lam(k, bilayer) 91 (11.11) Lam(k, bilayer) 95 i 48 (30.3) Lam(k, bilayer)
(24.58) i
Lam(k, bilayer) 15 (2.14) Lam(k, bilayer) 52
(-7.01) Lam(k, bilayer) 92 (33.1) i
(3,4BpPr-3,5BpPr)12G2-CH2OH 1370.1 1399 1.02 Lam(k, bilayer) 55 (9.49) h 74 (3.41) i
i 73 (3.61) h 33 (4.86) hio
io
h 50 (5.45) h 74 (3.44) i
2976.5 3248 1.03 hio 57 (27.75) i
(3,4BpPr-(3,5BpPr)2)12G3i 55 (6.97) hio
io
CO2CH3
h 57 (8.83) i
2948.5 3209 1.02 Lam(k, bilayer) 62 (38.83) Cub 77 (7.63) i
i 75 (7.68) Cub
(3,4BpPr-(3,5BpPr)2)12G3CH2OH
Cub 77 (8.10) i
(4BpPr-3,4,5BpPr-3,5BpPr)12G2- 3028.4 3126 1.02 Lam(k, bilayer) 98 (25.98) h 152 (11.18) i
i 150 (11.21) h 88 (18.56)
CO2CH3
Lam(k, bilayer)
Lam(k, bilayer) 94 (17.43) h 152 (11.27) i
(4BpPr-3,4,5BpPr-3,5BpPr)12G2- 3000.4 3219 1.03 Lam(k, bilayer) 96 (29.11) h 162 (13.01) i
i 161 (13.55) h 87 (9.88) rio
CH2OH
r-cio 87 (9.88) h 162 (13.66) i
c
(4BpPr-3,4BpPr-3,5BpPr)12G2- 2239.2 2349 1.02 Lam(k, bilayer) 94 (2.47) r-cio 140 (14.56) i 194 (13.18) Cub 63 (8.89)
CO2CH3
r-cio
Cub 195 (10.57) i
r-cio96 (-11.06) r-cio 141 (13.19) Cub
195 (9.71) i
(4BpPr-3,4BpPr-3,5BpPr)12G2- 2211.2 2363 1.02 Lam(k, bilayer) 94 (21.53) r-c 201
i 203 (14.14) r-c 88 (3.71) rio
CH2OH
(12.83) i
c
io
r-c 88 (3.71) r-c 203 (14.22) i
Dendron

MWt

a

Thermal transitions (ºC) and enthalpy changes (kcal/mol) were determined by DSC (10 ºC/min), data from the first
heating and cooling scans are on the first line, and the data from the second heating are on the second line; Lam(k,bilayer)
= lamellar crystal with two layer repeat; r-s = p2mm simple rectangular columnar lattice; r-c = c2mm centered
rectangular columnar lattice; r-ck = crystal c2mm centered rectangular columnar lattice; h = p6mm hexagonal
columnar lattice; hio = hexagonal columnar lattice with internal order; Tet = P42 / mnm tetragonal lattice; Tet(k) =
crystal P42 / mnm tetragonal lattice; Cub =

cubic lattice; X = unknown lattice ; i = isotropic.
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4.4.8. Measured d-spacing
Supporting Table 4.ST4- Measured d-spacing (in Å) of the, Lam(k, bilayer), Pm 3n Cubic
(Cub), c2mm Centered rectangular columnar lattice (r-c), p6mm Hexagonal Columnar
(h) Lattices Generated by 3,4,5- Trisubstituted Dendrons
Dendron

(3,4,5BpPr)12G1CO2CH3
(3,4,5BpPr)12G1CH2OH

T
(oC)

LC
phase

(3,4,5BpPr)212G2CO2CH3

-10
25
25
42
0
-20
30

Lam(k, bilayer)
Lam(k, bilayer)
Lam(k, bilayer)
r-s
r-sk
Cub(k)
Cub

(3,4,5BpPr)212G2CH2OH

30
68

Cub
Cub

(3,4,5BpPr)312G3CO2CH3

-25
65

Cub(k)
Cub

(3,4,5BpPr)312G3CH2OH

-40
75

Cub(k)
Cub

(4BpPr3,4,5BpPr)12G1CO2CH3

35
115
124
35
30
140
30

r-c g
Lam(k, tetralayer)
S( bilayer)f
Lam(k, tetralayer)
Lam(k, bilayer)g
h
hio

-40
70
105
0
48
220

r-ck
r-c
h
r-c
h
Cub

30
90
203
80

hio, g
h g
Cub
Cub

115

Cub

(4BpPr3,4,5BpPr)12G1CH2OH
(4BpPr-(3,4,5BpPr)2)
12G2- CO2CH3
(4BpPr-(3,4,5BpPr)2 )
12G2-CH2OH
(4BpPr-3,4BpPr3,4,5BpPr)12G2CO2CH3
(4BpPr-3,4BpPr3,4,5BpPr)12G2CH2OH
(3,4BpPr3,4,5BpPr)12G2CO2CH3
(3,4BpPr-3,4,5BpPr)
12G2-CH2OH
(3,4BpPr-(3,4,5BpPr)2 )
12G3- CO2CH3

140
30

Cub
Cub(g)

(3,4BpPr-(3,4,5BpPr)2)
12G3-CH2OH

130
35

Cub
Cub(g)

Space
group

p2mm
p2mm

Pm3n k
Pm3n
Pm3n
Pm3n
Pm3n k
Pm3n
Pm3n k
Pm3n
c2mm

p6mm
p6mm

d001a
d10c
d200d
d11e
d10f
44.7a
44.5a
43.8a
45.2c
47.3c
58.7d
57.0d

d-spacing (Å) and their indices
d002
d003
d004
d11
d20
d321
d310
d210
d220
d211
d40
d13
d20
d02
d22
d11
d20
d21
22.4
22.2
14.8
14.5
21.8
22.5
25.6
23.7
44.5
52.5
47.9
30.5
51.2
46.7

58.3d
54.5d

52.2
48.7

47.7
44.5

61.2d
58.3c

54.7
52.2

49.9
47.7

60.9d
58.8d

54.5
52.5

49.7
47.9

79.4e
93.1b
44.5 a
92.4b
78.9a
62.6f
59.4f
72.9e
72.9e
72.9f

46.8
46.3
39.4
35.7
34.2

49.1
31.1
22.2
30.7
26.3
30.9
29.6
0
39.3

49.3

44.1

40.3
23.3

39.5
18.6

23.1
19.7
23.4

18.4
18.4

71.4f
104.3d

41.4
43.7
90.9
64.3

35.9
37.9
82.9
58.7

27.2
28.6

Pm3n
Pm3n

72.2f
75.8f
101.5d
71.9d

Pm3n

67.9d

60.8

d

69.8
72.0d
69.3d
70c

Pm3n
p6mm
p6mm

Pm3n
Pm3n g
Pm3n
Pm3n g

36.5
39.9
35.7
85.4

28.6
29.2
27.2

48.3
48.4
27.4

96.9
96.8
42.1
49.3e
41.2
93.5

c2mm
c2mm
p6mm
c2mm
p6mm

31.2
29.1

d400
d24

73.9

41.6
66.0

56.0

52.1

50.8

45.4

54.3
38.5

50.7
36.0

55.5

48.0

42.9

36.3

33.9

62.3
64.3

57.0
58.8

49.3

44.1

38.4

34.8

62.3
62.8

56.8
57.1

37.3

34.8

a

smectic bilayer lattice (Sbilayer) or lamellar crystal with two layer repeat (Lam(k,bilayer));b banana-like lamellar crystal
with four layere repeat (Lam(k)); c simple rectangular columnar lattice p2mn (r-s) and crystal simple rectangular
columnar lattice p2mn (r-sk); d cubic lattice Pm3n (Cub), glassy cubic lattice Pm3n (Cub(g)) and crystal cubic lattice
Pm3n (Cub(k)); e centered rectangular columnar lattice c2mm (r-c) and crystal centered rectangular columnar lattice
c2mm (r-ck); f hexagonal columnar lattice p6mm (h) and hexagonal columnar lattice with internal order (hio); g
monotropic phase, indexed to hexagonal but the second peak was not observed; h phase observed only in the first
heating of the as prepared compound.
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Supporting Table 4.ST5 - Measured d-spacing (in Å) of the Lam(k, bilayer), c2mm
Centered rectangular columnar lattice (r-c), Pm3n Cubic (Cub), p6mm Hexagonal
Columnar (h) Lattices Generated by 3,4 –Disubstituted Dendrons
Space
group

d-spacing (Å) and their indices
d002
d003
d004
d40
d20
d02
d22
d210
d211
d220
d310
d11
d20
d21
24.6
16.5

Dendron

T
(oC)

(3,4BpPr)12G1-CO2CH3

30

Lam(k, bilayer)f

d001a
d11b
d200c
d10d
49.4a

(3,4BpPr)12G1-CH2OH

30

Lam(k, bilayer)f

48.6a

24.1

16.1

75
115
20
140
30
160

r-c
Cub
r-cio
Cub
Cub
Cub

82.7b
84.4c
85.4b
77.5c
83.4c
86.5c

72.9
75.4
65.7
69.7
74.8
77.3

49.8
69.0

41.2
59.5

63.6
68.3
70.6

(3,4BpPr)212G3-CH2OH

30
170

Cub
Cub

81.3c
83.1c

72.6
74.8

66.6
68.3

(4BpPr-3,4BpPr)12G1CO2CH3

30
170
88
35
30
30
180
25
135
230
30
125
200
25
125
165
25
170
30

Lam(k, bilayer)f
h f
r-ck2
r-ck1
S(bilayer)f
r-cio, f
r-c
Lam(k, bilayer)f
hio
Cub
Lam(k, bilayer)f
hio
Cub
Lam(k, bilayer)f
r-sk
Cub
Lam(k, bilayer)f
Cub
Cub

34.9
62.7
62.3
33.6
59.2
96.8
37.9
46.8
101.0
38.4
44.6
93.0
43.4
33.1
86.7
43.4
79.2
60.6

23.3
21.4
44.3
44.3
22.4
33.5
90.2
25.2
40.6
92.4
25.6
38.6
84.7

Pm3n
Pm3n

70.0a
43.1d
71.8b
71.8b
67.3a
65.1b
130.9
76.0a
81.2d
113.6c
76.4a
77.7e
103.7d
87.0a
52.5e
97.1d
86.1a
88.5d
67.6d

85

Cub

Pm3n

63.4d

70

Cub

Pm3n

120

Cub

Pm3n

2

(3,4BpPr) 12G2CO2CH3
(3,4BpPr)212G2-CH2OH
(3,4BpPr)312G3CO2CH3

(4BpPr-3,4BpPr)12G1CH2OH
(4BpPr(3,4BpPr)2)12G2CO2CH3
(4BpPr(3,4BpPr)2)12G2CH2OH
(4BpPr-3,4,5BpPr3,4BpPr)12G2- CO2CH3
(4BpPr-3,4,5BpPr3,4BpPr)12G2-CH2OH
(3,4,5BpPr3,4BpPr)12G2- CO2CH3
(3,4,5BpPr3,4BpPr)12G2-CH2OH
(3,4,5BpPr(3,4BpPr)2)12G3CO2CH3
(3,4,5BpPr(3,4BpPr)2)12G3CH2OH

LC
phase

c2mm

Pm3n
c2mm

Pm3n
Pm3n
Pm3n
Pm3n
Pm3n
p6mm
c2mm
c2mm
c2mm
c2mm
p6mm

Pm3n
p6mm

Pm3n
p2mm

Pm3n

d13
d321

d2,4
d400

36.4
53.2

45.1

42.1

54.9
59.1
61.2

49.0
52.8
54.6

41.4
44.6
46.2

38.8
41.9
43.2

57.3
59.1

51.4
52.8

43.4
44.7

40.6
41.9

37.4
35.8

37.4
31.1

35.8

32.3
65.7
18.9
30.6
79.9
19.3
29.2
55.3

47.6

71.4

60.4

56.6

51.8

26.2
79.1
28.8
72.2
55.6

22.4
68.5

61.3

51.8

48.4

62.6
47.7

56.1
42.7

47.3
36.0

44.2
33.7

57.1

51.8

44.9

40.2

33.9

31.6

77.3

68.9

62.8

41.1

38.5

73.1d

65.2

59.7

39.1

36.5

51.8

46.2

a
lamellar crystal with two layer repeat (Lam(k, bilayer)); b centered rectangular columnar lattice c2mm (r-c), crystal
centered rectangular columnar lattice c2mm (r-ck) and centered rectangular columnar lattice with internal order c2mm
(r-cio); c cubic lattice Pm3n (Cub); d hexagonal columnar lattice p6mm (h) and hexagonal columnar lattice with
internal order (hio); e crystal simple rectangular columnar lattice p2mn (r-sk); f phase observed only in the first
heating of the as prepared compound.
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Supporting Table 4.ST6 - Measured d-Spacing (in Å) of the Lam(k,

c2mm Centered
rectangular columnar lattice (r-c), p6mm Hexagonal Columnar (h), 12 Fold Quasi Liquid
Crystal (QLC) and P4/mnm Tetragonal (Tet) Lattices Generated by 3,5 –Disubstituted Dendrons
Dendron

(3,4,5BpPr-3,5BpPr)12G2CO2CH3
(3,4,5BpPr-3,5BpPr)12G2CH2OH
(3,4,5BpPr-(3,5BpPr)2)12G2CH2OH
(3,4BpPr-3,5BpPr)12G2CO2CH
(3,4BpPr-3,5BpPr)12G2CH2OH
(3,4BpPr-(3,5BpPr)2)12G3CO2CH3
(3,4BpPr-(3,5BpPr)2)12G3CH2OH
(4BpPr-3,4,5BpPr3,5BpPr)12G2- CO2CH3
(4BpPr-3,4,5BpPr3,5BpPr)12G2-CH2OH

(4BpPr-3,4BpPr-3,5BpPr)12G2CO2CH3

(4BpPr-3,4BpPr-3,5BpPr)12G2CH2OH

T
(oC)

LC
phase

Space
group

20

r-c

c2mm

d11a
d311b
d001c
d10d
d00002e
d11f
d200g
67.7a

40

Tet

P42/mnm

55.8b

30

Tet

P42/mnm
c

i

25
92
35
40
25
65
80
30
55
28
65
25
140
25
25
150
100
30
30
110
135
185

Lam(k, bilayer)
Lam(k, bilayer)
Lam(k, bilayer)
Lam(k, bilayer)i
hio, i
h
QLC
hio
h
Lam(k, bilayer)i
Cub(x)i,f
Lam(k, bilayer)I
h
Lam(k, bilayer)
Lam(k, bilayer)I
h
h
r-cio
Lam(k, bilayer)i
Lam(k, bilayer)i
r-cio
Cub g,h

30
30
110
180

Lam(k, bilayer)i
r-cio
r-c
r-c

p6mm
p6mm
12 fold
p6mm
p6mm

Pm3n
p6mm
p6mm
p6mm
c2mm

c2mm

Pm3n
c2mm
c2mm
c2mm

d-spacing (Å) and their indices
d20
d02
d22
d40
d410
d002
d330
d202
d002
d003
d004
d12103
d11
d20
d21
d12100
d10102
d12101
d20
d02
d22
d22
d210
d211
d400
52.9
43.9
33.8
26.5
53.7

50.1

48.7

66.2b

56.9

55.3

22.5
28.6
29.1
58.0
33.8
31.5
23.8
58.1
27.8
36.6
25.3
27.1
35.3
36.4
42.7
25.3
23.9
74.4
113.
6
24.5
82.3
40.8
42.1

16.9
21.62
22.1
53.8
25.5
23.9

52.8
52.2c
52.4c
68.1c
57.4d
59.0d
73.6e
67.3d
63.5d
71.0c
71.2g
83.4c
72.8d
75.6c
81.7c
70.6d
72.8d
72.7a
76.0c
71.8c
112a
138.1g

26.3
26.0
26.2
33.8
33.0
33.5
62.4
38.8
36.5
35.4
63.6
41.7
42.3
37.9
40.8
40.8
41.9
68.6
37.9
35.9
82.0
122.2

74.1c

37.1
121.8b
113.6
97.2

a

76.9
77.9a

bilayer),

d04
d411
d00004
d40

47
52.3

27.6
20.4
26.7
27.5
36.3

34.2

55.5
69.4

40.7

36.9

30.2
38.4
38.6

61.4
56.6
48.4

41.1

a

centered rectangular columnar lattice c2mm (r-c) and centered rectangular columnar lattice with internal order c2mm
(r-cio); b tetragonal lattice P42/mnm (Tet); c lamellar crystal with two layer repeat (Lam(k,bilayer) ); d hexagonal columnar
lattice p6mm and hexagonal columnar lattice with internal order (hio); e 12 fold quasi liquid crystal lattice (QLC); f
unidentified cubic phase g cubic lattice Pm3n (Cub);h cubic phase with very large lattice dimension i phase observed
only in the first heating of the as prepared compound.
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4.4.9. Structural and Retrostructural Analysis of Supramolecular Dendrimers
Supporting Table 4.ST7 - Structural and Retrostructural Analysis of Supramolecular
Dendrimers Self-Assembled from 3,4,5- Trisubstituted Dendrons
Dendron

T
(oC)
-10
25
25
42
0
-20
30
30
68
-25
65
-40
75
35
115
124
30
140
30
-40
70
105
0
48
220

(3,4,5BpPr)12G1CO2CH3
(3,4,5BpPr)12G1CH2OH
(3,4,5BpPr)212G2
-CO2CH3
(3,4,5BpPr)212G2CH2OH
(3,4,5BpPr)312G3
-CO2CH3
(3,4,5BpPr)312G3CH2OH
(4BpPr-3,4,5BpPr)
12G1-CO2CH3
(4BpPr-3,4,5BpPr)
12G1-CH2OH
(4BpPr-(3,4,5
BpPr)2)12G2-CO2CH3

a

LC
phase
Lam(k, bilayer)
Lam(k, bilayer)
Lam(k, bilayer)
r-s
r-sk
Cub(k)
Cub
Cub
Cub
Cub(k)
Cub
Cub(k)
Cub
r-c
Lam(k, tetralayer)
S(bilayer)
Lam(k, bilayer)f
h
hio
r-ck
r-c
h
r-c
h
Cub

lattice

Pm3n k
Pm3n
Pm3n
Pm3n
Pm3n k
Pm3n
Pm3n k
Pm3n

c2mm

p6mm
p6mm
c2mm
c2mm
p6mm
c2mm
p6mm

a(a,b)
(Å)
44.7a
44.5a
43.7a
45.1,31.2b
47.3,44.3b
117.3c
114.3c
116.7c
109.0c
122.4c
116.8c
121.8c
117.4c
157.4,102.5d
93.0a
44.5a
78.8a
71.7e
68.5e
193.6,78.5c
193.1,78.7c
84.2e
98.1,138.1c
82.5e
208.9d

20
(g/cm3)
1.06f
1.06g
1.03f
1.03g
1.04f
1.04g
1.09f
1.08f

1.00g

D(Da,Db)
(Å)
44.7
44.5
43.7
45.1,31.2h
47.3,44.3h
72.8i
70.9i
72.4i
67.6i
75.9i
72.5i
75.6i
72.8i
90.9,102.5j
93.0
44.5k
78.8
71.7k
68.5k
111.8,78.5j
111.5,78.7j
84.2k
56.6,138.1j
82.5k
129.6i

’m

396m
366
394
321
148
128
147
132



’r
(deg)

6l
8l
49n
46n
49n
40n
18n
16n
18n
16n
18o

60.0
45.0
7.3
7.9
7.3
9.0
19.5
22.4
19.6
21.8
20.5

9p
8p
5o
5o
4p
4o
4p
212n

39.9
43.7
74
74.0
91.7
82.5
94.9
1.7

(4BpPr-(3,4,5
1.00g
BpPr)2)12G2-CH2OH
(4BpPr-3,4BpPr1.00f
1695
Pm3n
3,4,5BpPr)12G2-CO2CH3
5p
83.1e
30
1.00g
83.1k
68.3
(4BpPr-3,4BpPr
p6mm
hio
90
61.6
-3,4,5BpPr)12G287.5e
87.5k
6p
p6mm
h
d
i
n
235
1572
1.8
CH2OH
203.1
126.0
196
Pm3n
Cub
(3,4BpPr-3,4,5
1.00f
89.3i
908
113n
3.2
143.9d
80
Cub
Pm3n
BpPr)12G2- CO2CH3
1.00g
84.3i
776
97n
3.7
(3,4BpPr-3,4,5BpPr)
115
Cub
135.9d
Pm3n
12G2-CH2OH
139.5d
1.00f
86.5i
270
34n
10.7
(3,4BpPr-(3,4,5
140
Cub
Pm3n
d
i
296
9.7
BpPr)2)12G3- CO2CH3
30
Cub(g)
143.9
89.3
37n
Pm3n
139.0d
1.00g
86.2i
268
34n
10.8
(3,4BpPr-(3,4,5BpPr)2)
130
Cub
Pm3n
12G3-CH2OH
275
10.5
35
Cub(g)
140.2d
87.0i
34n
Pm3n
Smectic or lamellar lattice parameter (=layer separation) a  (d10  2d20  3d30  4d40 )/ 4 ; b p2mm Simple rectangular columnar

lattice parameters a and b; a = hd, b = kd; (h0) and (k0) from diffractions; c Pm3n Cubic lattice parameter
d
c2mm centered rectangular columnar lattice
a  2d  4d  5d  6d  8d  10d  14d  16d /8 ;



110

200

210

211

220

310

321

400



parameters a and b; a = hd, b = kd; (h0) and (k0) from diffractions;





a  2 d100 / 3 ; d100  d100  3d110  4 d 200  7 d 210 / 4 ;

f

e

p6mm Hexagonal columnar lattice parameter

20 = experimental density at 20 ºC;

g

Average density;

h

Experimental elliptical column diameters of p2mm simple rectangular columnar lattice Da = a and Db = b; i Experimental Pm3n
3

cubic spherical diameter D  2 3a 3 / 32 ;

j

Experimental elliptical column diameters of c2mm centered rectangular columnar

lattice Da  a / 3 and Db = b; Experimental column diameter of p6mm hexagonal columnar lattice D  2 d100 / 3 ; l Number of
k

monodendrons per elliptical p2mm simple rectangular column stratum   (N A abt )/ M ;



3



cubic unit cells  a N A  / M .

n

m

Number of monodendrons per Pm3n

Number of monodondrons per Pm3n cubic spherical dendrimer   ' / 8 ;

o

Number of

monodendrons per elliptical c2mm centered rectangular column stratum   (N A abt )/ 2M ; Number of monodendrons per p6mm
p

hexagonal column stratum  

 3N A D 2 t / 2M ;

r

Projection of the solid angle for tapered and conical monodendron  ' 2 / 

23
(deg). Avogadro’s number N A  6.022045510 mol-1, the average height of the column stratum t = 4.7 Å, and M = molecular

weight of monodendron.
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Supporting Table 4.ST8 - Structural and Retrostructural Analysis of Supramolecular
Dendrimers Self-Assembled from 3,4 –Disubstituted Dendrons
Dendron

T
(oC)

LC
phase

(3,4BpPr)12G1- CO2CH3
(3,4BpPr)12G1-CH2OH
(3,4BpPr)212G2- CO2CH3

30
30
75
115
20
140
30
160
30
170
30
170
88
35
30
30
180
25
135
230
30
125
200
25
125
165
25
170

Lam(k, bilayer)
Lam(k, bilayer)
r-c
Cub
r-cio
Cub
Cub f
Cub f
Cub f
Cub f
Lam(k, bilayer)g
h g
r-ck2
r-ck1
Lam(k, bilayer)g
r-cio, g
r-c
Lam(k, bilayer)g
hio
Cub
Lam(k, bilayer)g
hio
Cub
Lam(k, bilayer)g
r-sk
Cub
Lam(k, bilayer)g
Cub

30

Cub

85

Cub

2

(3,4BpPr) 12G2-CH2OH
(3,4BpPr)312G3- CO2CH3
(3,4BpPr)312G3-CH2OH
(4BpPr-3,4BpPr)12G1CO2CH3

(4BpPr-3,4BpPr)12G1CH2OH
(4BpPr-(3,4BpPr)2)12G2CO2CH3
(4BpPr-(3,4BpPr)2)12G2CH2OH
(4BpPr-3,4,5BpPr3,4BpPr)12G2- CO2CH3
(4BpPr-3,4,5BpPr3,4BpPr)12G2-CH2OH
(3,4,5BpPr3,4BpPr)12G2- CO2CH3
(3,4,5BpPr3,4BpPr)12G2-CH2OH
(3,4,5BpPr(3,4BpPr)2)12G3-CO2CH3
(3,4,5BpPr(3,4BpPr)2)12G3-CH2OH
a

a(a,b)
(Å)

20
(g/cm3)

D(Da,Db)
(Å)

0.99f
0.99
1.03f

Pm3n
Pm3n

49.9a
48.3a
145.6,99.5b
168.8c
131.3,112.0b
155.5c
167.1c
172.9c
162.7c
166.9c
70.0a
49.7d
165.8,143.9b
124.1,87.37b
67.2a
129.2,66.9b
191.6,179.7b
75.9a
93.8d
226.5c
76.7a
89.4d
207.6c
86.9a
52.5, 42.7e
193.9
86.1a
177.0c
135.7c

1.00f

49.9
48.3
84.1,99.5h
104.7i
75.8,112h
96.5i
103.7i
107.3i
100.9i
103.5i
70.0
49.7j
95.7,143.9h
71.6,87.4h
67.2
74.6,66.9h
110.6,179.7h
75.9
93.8j
140.5i
76.7
89.4j
128.8i
86.9
52.5,42.7k
128.8i
86.1
109.8i
84.2i

Pm3n

127.1c

1.00g

c

f

95.4

1.03g

lattice

c2mm
Pm3n
c2mm
Pm3n
Pm3n
Pm3n
Pm3n
Pm3n
p6mm
c2mm
c2mm
c2mm
c2mm
p6mm
Pm3n
p6mm
Pm3n
p2mm
Pm3n

70

Cub

Pm3n

153.7

120

Cub

Pm3n

146.1c

1.03

1.04f
1.04g
1.06f

1.06g
1.09f
1.09g
1.07f
1.07g

1.03

Lamellar lattice parameter (=layer separation) a  (d10  2d20  3d30  4d40 )/ 4 ;

parameters

a

 2d

110

a

and

b;

a

=

hd,

b

=

kd;

(h0)

and

(k0)

from

 4d200  5d210  6d211  8d 220  10d 310  14d321  16d400





g

b

’m



’r
(deg)

15m
267n
16m
213n
123n
136n
114n
123n

23.8
1.4
23.0
1.7
2.9
2.6
3.1
2.9

6o
35m
16m

58
10.3
22.7

13m
52m

27.8
7.0

3422l

11o
428n

34.1
0.8

2656l

10o
332n

37.3
1.1

1151l

2p
194n

160.6
1.9

1113l
852l

149n
106n

2.4
3.4

78.8i

711l

89n

4.0

i

603

l

n

4.8

90.6i

525l

66n

5.5

2134l
1702l
985l
1091l
915l
988l

75

c2mm centered rectangular columnar lattice

diffractions; c Pm3n Cubic lattice parameter
d
/8 ; p6mm Hexagonal columnar lattice parameter



a  2 d100 / 3 ; d100  d100  3d110  4 d 200  7d 210 / 4 ; p2mm Simple rectangular columnar lattice parameters a and b;
e

a = hd, b = kd; (h0) and (k0) from diffractions; f 20 = experimental density at 20 ºC; g Average density; h Experimental elliptical column
diameters of c2mm centered rectangular columnar lattice Da  a / 3 and Db = b; i Experimental Pm3n cubic spherical diameter
3

D  2 3a 3 / 32 ; j Experimental column diameter of p6mm hexagonal columnar lattice D  2 d100 / 3 ; k Experimental elliptical
column diameters of p2mm simple rectangular columnar lattice Da = a and Db = b; l Number of monodendrons per Pm3n cubic unit





cells  a 3 N A  / M . m Number of monodendrons per elliptical c2mm centered rectangular column stratum   (N A abt )/ 2M ; n
Number of monodondrons per Pm3n cubic spherical dendrimer   ' / 8 ;
stratum





2



3N A D t / 2M ;

p

o

Number of monodendrons p6mm hexagonal column

Number of monodendrons per elliptical

p2mm simple rectangular column stratum

  (N A abt)/ M ; Projection of the solid angle for tapered and conical monodendron ' 2 /  (deg). Avogadro’s number
r

N A  6.02204551023mol-1, the average height of the column stratum t = 4.7 Å, and M = molecular weight of monodendron;
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Supporting Table 4.ST9 - Structural and Retrostructural Analysis of Supramolecular
Dendrimers Self-Assembled from 3,5 –Disubstituted Dendrons
T
(oC)

Dendron
(3,4,5BpPr-3,5BpPr)
12G2- CO2CH3
(3,4,5BpPr-3,5BpPr)
12G2-CH2OH
(3,4,5BpPr-(3,5BpPr)2)
12G2-CO2CH3
(3,4,5BpPr-(3,5BpPr)2)
12G2-CH2OH
(3,4BpPr-3,5BpPr)
12G2- CO2CH3

(3,4BpPr-(3,5BpPr)2)
12G3- CO2CH3
(3,4BpPr-(3,5BpPr)2)
12G3-CH2OH
(4BpPr-3,4,5BpPr3,5BpPr)12G2CO2CH3
(4BpPr-3,4,5BpPr3,5BpPr)12G2-CH2OH

(4BpPr-3,4BpPr3,5BpPr)12G2CO2CH3
(4BpPr-3,4BpPr3,5BpPr)12G2-CH2OH

20
(g/cm3)

a(a,b)
(Å)

lattice

D(Da,Db)
(Å)

20

r-c

c2mm

105.6,87.6a

1.00h

60.9,87.6j

40

Tet

P42/mnm

a=b=206.1,
c=107.4b

1.00i

66.2k

1.00i

77.3k

h

52.5
52.2
52.4
67.9
66.1l
67.5l
50.3m
77.8l
73.1l
71.0
88.3
83.4
84.5l
75.6

30

Cub(x)

30

Tet

25
92
35
40
25
65
73
30
55
28
60
25
140
25
25
150
100
30
30
110
135
185
30
30
110
180

(3,4BpPr-3,5BpPr)
12G2-CH2OH

LC
phase

f

1.00
P42/mnm

Lam(k, bilayer)
Lam(k, bilayer)
Lam(k, bilayer)
Lam(k, bilayer)
hio
h
QLC
hio
h
Lam(k, bilayer)
Cub
Lam(k, bilayer)
h
Lam(k, bilayer)
Lam(k, bilayer)
h
h
r-cio
Lam(k, bilayer)
Lam(k, bilayer)
r-cio
Cub (g)
Lam(k, bilayer)
r-cio
r-c
r-c

p6mm
p6mm
12 fold
p6mm
p6mm
Pm3n

p6mm
p6mm
p6mm
c2mm

c2mm
Pm3n

c2mm
c2mm
c2mm

a=b=234.0
c=132.4b
52.5c
52.2c
52.4c
67.9c
66.1d
67.5d
73.6e
77.8d
73.1d
71.0c
142.3g
83.4c
84.5d
75.6c
81.7c
81.5d
84.0d
136.9,85.7a
75.9c
71.8c
163.2,149.2a
276g
73.9c
245.6,164.4a
225.8,81.2a
194.1,84.3a

1.04

’n

’v
(deg)


7r

48.6

1580o

53r

6.8

1176o

39r

9.2

179p

8s
8s
30
5s
4s

45.0
43.2
12.1
69
78

600

75u

4.8

h

1.02h

1.05h
1.02
1.08h
1.08i

1.09i

57.6

6s
6s
6q

61.4
57.8
60.2

17q
771v

21.5
0.5

28q
13q
11q

12.8
28.1
31.5

6

81.5l
84l
79.0,85.7j
75.9
71.8
94.2,149.2j
171.2n
73.9
141.8,164.4j
130.4,81.2j
112.1,84.3j

1.09h

t

6167

p

c2mm centered rectangular columnar lattice parameters a and b; a = hd, b = kd; (h0) and (k0) from diffractions; b P4 2 / mnm
Tetragonal lattice parameters a = b and c; c Lamellar lattice parameter (=layer separation) a  (d10  2d20  3d30  4d40 )/ 4 ;

a

d





p6mm Hexagonal columnar lattice parameter a  2 d100 / 3 ; d100  d100  3d110  4 d 200  7d 210 / 4 ;

quasi

a

liquid

 2d

110

crystal

lattice

parameter;

f

unidentified

cubic

lattice;

 4d200  5d210  6d211  8d220  10d310  14d321  16d400



/ 8;

e

12 fold (QLC)

Pm3n
Cubic
lattice
parameter
20 = experimental density at 20 ºC; i

g
h

Average density; j Experimental elliptical column diameters of c2mm centered rectangular columnar lattice Da  a / 3 and Db = b;
Experimental P42 / mnm tetragonal spherical diameter D  23 abc / 40 ; l Experimental column diameter of p6mm hexagonal

k

columnar lattice D  2 d100 / 3 ;
3

m

Experimental 12 fold QLC spherical diameter D  2a / 3 8 ;

spherical diameter D  2 3a 3 / 32 ;

o

n

Experimental Pm3n cubic





Number of monodendrons per P4 2 / mnm tetragonal unit cell  abc N A  / M ;





p

Number of monodendrons per 12 fold QLC and Pm3n cubic unit cells  a 3 N A  / M ; q Number of monodendrons per elliptical

c2mm centered rectangular column stratum   (N A abt )/ 2M ; Number of monodendrons per P4 2 / mnm tetragonal spherical
r

dendrimer   ' / 30 ;

s

Number of monodendrons p6mm hexagonal column stratum  

 3N A D 2 t / 2M ;

t

Number of

monodendrons per 12 fold QLC spherical dendrimer   ' / 6 ; Number of monodondrons per Pm3n cubic spherical dendrimer
  ' / 8 ; v Projection of the solid angle for tapered and conical monodendron ' 2 /  (deg). Avogadro’s number
N A  6.0220455 1023mol-1, the average height of the column stratum t = 4.7 Å, and M = molecular weight of monodendron.
u
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4.4.10 X-Ray Diffraction Plots and Diagrams

Supporting Figure 4.SF20 - Comparison of the Cub and Cub(g) phases of the
(3,4BpPr)312G3-CO2CH3. (a) Combined SAXS powder plots for the indicated
temperature sequence. (b) Combined WAXS powder plots for the indicated temperature
sequence. (c) Detailed SAXS powder plots and diffraction peak amplitudes for the Cub
phase at 180 °C and Cub(g) at 30 °C. (d) Temperature dependence of the lattice parameter
a.
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Supporting Figure 4.SF21 - Banana-like lamellar crystal with 4-layer repeat observed
for the (4BpPr-3,4,5BpPr)12G1-CO2CH3 dendron at 25 °C. (a) oriented fiber WAXS
pattern; (b) powder WAXS pattern; (c) SAXS powder diffraction plot; (d) WAXS
powder diffraction plot.
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Supporting Figure 4.SF22 - Comparison of wide-angle XRD for the Lam(k, tetralayer)
phase and the monotropic S(bilayer) phase of (4BpPr-3,4,5BpPr)12G1-CO2CH3. (a) WAXS
powder diffraction patterns collected for 60 seconds while cooling continuously from the
isotropic phase with 5°/min; (b) corresponding WAXS diffractograms; and (c) detailed
plots of the two consecutive short exposures detailing the monotropic smectic phase and
the low temperature lamellar crystalline phase.
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Chapter 5
Design of Libraries of Self-Assembling Dendrons and
Supramolecular Dendrimers via the “Deconstruction” of SelfAssembling Dendrons
(Adapted from Manuscript in Progress)1

5.1 Introduction
The synthesis, structural and retrostructural analysis of generational libraries of
benzyl ether (See Chapter 2),

2

phenylpropyl ether (See Chapter 2),3 biphenyl 4-methyl

ether (See Chapter 2),4 and biphenylpropyl ether (See Chapter 4)5 self-assembling
dendrons provided access to the discovery of a diversity of novel self-organizable
supramolecular dendrimers.6-8 All generational libraries of dendrons share a common
design strategy. Generation one dendrons serve as periphery groups and are iteratively
alkylated onto an 3,4, and constitutional isomeric 3,5 AB2 or 3,4,5 AB3 dendritic building
block to form higher generation dendrons. Despite differences in the building block
structure, the similarity in the connective topology of dendrons in the different
generational libraries typically provides a conserved and therefore, predictable5 structure
of the resulting supramolecular dendrimers that is determined by their primary structure.
The predictability of self-assembled structure is useful for the rational design of complex
supramolecular systems, but diminishes the likelihood to discover new structures via
further generational synthesis of libraries. Therefore, elaboration of new supramolecular
architectures from self-assembling dendrons will require the synthesis of dendritic
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molecules with topologies that were not previously produced during the synthesis of
generational

2-5

or hybrid dendron libraries (Figure 2.27).9-10 While thousands of

synthetically feasible self-assembling dendrons can be envisioned, a novel, logical and
rational approach to their design that is fundamentally different from the generational
strategy is required.
Herein, we report the “deconstruction” approach as a new strategy for the
synthesis of dendron libraries. In this new strategy, a known and well-characterized selfassembling dendron is systematically stripped of its branched appendages to provide
novel topologies that have not been previously explored through the generational library
strategy. This approach is applied toward the synthesis of the first library of
“deconstructed” biphenyl propyl-ether self-assembling dendrons. The “deconstruction”
approach to the design of new libraries of self-assembling dendrons provided rapid access
to a diversity of self-assembling dendrons with new primary structures that result in
supramolecular architectures previously unencountered in the generational libraries.

5.2Results and Discussion
5.2.1 The “Deconstruction” Strategy
In the generational approach to dendron the synthesis of libraries of selfassembling dendrons,2-4 first generation dendrons are sequentially alkylated onto 3,4, or
constitutional isomeric 3,5 AB2 or 3,4,5 AB3 dendritic building blocks to produce higher
generation self-assembling dendrons. Alternatively, the incorporation of AB nonbranched building blocks at periphery, apex or interior of ABn dendrons, have provided
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select examples of ABn-(AB)y hybrid dendrons (Figure 2.27).9-10 Hybrid ABn-(AB)y
dendrons typically exhibit the same supramolecular structures as those of related
dendrons generated from ABn generational libraries but with somewhat expanded lattice
dimensions. Many dendrons with random but nevertheless novel primary structures can
be prepared. However, aside from the generational or hybrid ABn-(AB)y strategies, no
other rational approaches to the design of libraries required to access dendrons with novel
primary structures have been envisioned.
When a sculptor prepares a model, he does not typically attach pieces together to
form a larger whole, but rather starts with a larger whole from which he removes the
superfluous clay until the desired form is achieved. Here we demonstrate that a similar
strategy can be employed in the logical design of libraries of novel dendrons. From
highly branched dendrons, in this case (3,4BpPr-(3,4,5BpPr)n-1)12Gn where n = 2 or 3,
branches can be systematically and sequentially removed to provide an array of novel
“deconstructed” structures (Figure 5.1 and Figure 5.2), which can be readily synthesized
by the same iterative techniques that provided the parent molecule.
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Figure 5.1 - The deconstruction of (3,4BpPr-(3,4,5BpPr)2)12G3 and the structural and
retrostructural analysis of the “Deconstructed” library of AB3, AB2, ABn-(AB)y , and
AB2-AB-AB2 dendrons. Red, green and purple wedges indicate the branches that will be
removed in the next deconstruction step.
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Figure 5.2 - The deconstruction of (3,4BpPr-3,4,5BpPr)12G2 and the structural and
retrostructural analysis of the “Deconstructed” library of AB3, AB2, ABn-(AB)y , and
AB2-AB-AB2 dendrons. Green and purple wedges indicate the branches that will be
removed in the next deconstruction step.
5.2.2 Synthesis of “Deconstructed Dendrons”
The BpPr dendritic building blocks used in the construction of this library of
deconstructed dendrons were synthesized via the most expedient Ni-catalyzed methods
developed previously for the elaboration of generational libraries of self-assembling BpPr
dendrons (Scheme 5.1).5 Methyl 4-iodohydrocinnamate (1) was converted to the
corresponding

boronate

ester

2

via

efficient

NiCl2(dppp)-catalyzed

neopentylglycolborylation in 94 % yield.11-13 Arylneopentylglycolboronate ester 2 was
transesterified with diethanolamine and then selectively hydrolyzed in the presence dilute
H2SO4 to provide the boronic acid 3 in 80 % yield. The hydrocinnamate-derived boronic
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acid 3 was sequentially cross-coupled with 4-bromoanisole, 4-bromoveratrole, 1-bromo3,5-dimethoxybenzene, or 1-bromo-3,4,5-trimethoxybenzene using NiCl2(dppe)14 as
catalyst to provide the BpPr building blocks 4a,b,c in very good yield (80-91%).

Scheme 5.1 - Synthesis of BpPr Building Blocks via Sequential Ni-Catalyzed Borylation
and Cross-Coupling

The synthesis of first-generation dendritic (Scheme 5.2 A, B, C, and D) and nondendritic (Scheme 5.2, E) periphery groups were prepared by an iterative strategy
reported previously (Scheme 5.2).5 The methoxy-protected BpPr building blocks 4a,b,c
were hydrolyzed with of 48% hydrobromic acid and re-esterified in refluxing acidic
methanol (87-94 % two-step yield). K2CO3 mediated etherification of 5a,5b, and 5c with
1-bromododecane provided dendritic 6a and 6b and linear 6d periphery units (90-94 %
yield). Branched and linear biphenylpropyl esters 6a, 6b, and 6d were reduced to the
corresponding alcohols 7a, 7b, and 7d with LiAlH4 in 82-99% yield. Branched and linear
biphenylpropyl alcohols 7a, 7b, and 7d were brominated with N-bromosuccinimide in the
presence of PPh3 to provide 8a, 8b, and 8d in 94-99 % yield. The larger generation one
dendritic periphery units 9a and 10a were prepared by O-alkylation of 8a onto methyl
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3,4,5-trimethoxy-4’-biphenylpropanoate 5d in 73 % yield or methyl 3,4-dimethoxy-4’biphenylpropanoate 5b in 93 % yield, respectively. 9a and 10a could be reduced to the
corresponding alcohols 9b and 10b (86-87 % yield), and converted to generation one
dendritic bromides 9c and 10c in 75-92% yield. Dendritic and linear bromides 7a,7b, 7d,
9c, and 10c were employed directly in further iterative synthesis for the preparation of
deconstructed BpPr dendrons.
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Scheme 5.2 - Synthesis of First Generation Dendritic and Non-Dendritic Periphery Units

O-alkylation of generation one dendritic bromides 8b, 8c, 9c and 10c onto
branched AB2 and AB3 5b and 5c or non-branched AB 5a BpPr hydroxy-functionalized
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dendritic building blocks provided generation two ABn dendrons or generation one ABn(AB)9 dendrons (Scheme 5.2). These dendrons were reduced to the corresponding
alcohols. Generation two dendritic ABn dendritic alcohols were converted to the
corresponding dendritic bromides and O-alkylated onto branched ABn 5b and 5c or nonbranched AB 5a BpPr building blocks to provide generation three ABn or generation two
ABn-(AB) dendrons (Scheme 5.3).
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Scheme 5.3 - Synthesis of ABn and ABn-AB Deconstructed Dendrons.
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Additionally dendritic 6b and 6c and non-dendritic 6a bromides were O-alkylated
onto non-branched BpPr building block 5a to produce generation one AB2-(AB), AB3(AB) dendrons and non-dendritic (AB)2 molecules (Scheme 5.4). Reduction with LiAlH4
produced the corresponding dendritic and non-dendritic alcohols. AB2-(AB) and AB3(AB) alcohols were converted to their corresponding bromides and O-alkylated again
onto 5a produce ABn-(AB)2 dendrons. Additionally, (3,4BpPr-4BpPr)12G1-CH2Br
(19c) was O-alkylated onto 5b to produce a novel AB2-AB-AB2 structure (3,4BpPr4BpPr-3,4BpPr)12G2-CO2CH3 (23a). (3,4,5BpPr-(4BpPr)2)12G1-CO2CH3 (24a) and
(3,4BpPr-4BpPr-3,4BpPr)12G2-CO2CH3 (23a) were reduced to their corresponding
alcohols.

Scheme 5.4 - Synthesis of ABn-(AB)y, (AB)y, and AB2-AB-AB2 Deconstructed Dendrons

352

5.2.3 Structural and Retrostructural Analysis of a Library of Deconstructed
Dendrons
Structural and retrostructural analysis of the supramolecular dendrimers generated
from deconstructed biphenylpropyl-ether dendrons involved a variety of complementary
techniques. 1H and 13C NMR, MALDI-TOF, and gel permeation chromatography (GPC)
were employed to confirm the identity and purity of the dendrons. Differential scanning
calorimetry (DSC), thermal optical polarized microscopy (TOPM), experimental density
(20), and small- and wide- X-ray diffraction (XRD) experiments performed as a function
of temperature on powder and oriented fibers allowed for phase identification and
assignment, assessment of thermal transitions and corresponding enthalpies, (Supporting
Figures 5.SF1-5.SF5 and Supporting Tables 5.ST1-5.ST3) and the determination of
dimensions and features of the supramolecular objects self-organized into various lattices
(Supporting Tables 5.ST4-5.ST9).
The deconstruction strategy can be applied to a self-assembling dendron of any
generation number or branching pattern. In this first effort to utilize the deconstruction
approach the recently synthesized dendrons (3,4BpPr-(3,4,5BpPr)n-1)12Gn-X (where n
= 2 or 3) were used as ‘parent’ compounds. The higher the starting generation number or
total number of branching points in the ‘parent’ dendron, the larger the number of
‘deconstructed’ dendrons that can be produced, before the dendron has been stripped to
its completely linear precursor, in this case (4BpPr)n12G0-X.
For (3,4BpPr-3,4,5BpPr)12G2-X, only three deconstruction steps are possible
before obtaining the linear molecule (4BpPr)212G0-X (Figure 5.2). (3,4BpPr353

3,4,5BpPr)12G2-CO2CH3 and (3,4BpPr-3,4,5BpPr)12G2-CH2OH parent compounds
self-assemble into spherical supramolecular dendrimers that self organize into cubic
lattices with Pm 3 n symmetry (Cub). Removal of one periphery 3,4BpPr subunit,

provides (3,4BpPr)212G2-CO2CH3 and (3,4BpPr)212G2-CH2OH, which likewise
exhibit spherical self-assembly into a Cub lattice. Both (3,4BpPr)212G2-X and
(3,4BpPr-3,4,5BpPr)12G2-X have the same molecular dimensions (apex to periphery

length). In a recent study,5 it was demonstrated that decreasing the number of branches in
dendrons of equivalent molecular size results in an increase to the dimensions of the
spherical supramolecular dendrimers that compose the Cub lattice. Here the removal of
(3,4BpPr)12G1 periphery unit decrease the total number of branches from 6 to 4 and a

10Å increase in the diameter of the spherical supramolecular dendrimers is observed.
Removal of another (3,4BpPr)12G1 subunit provides (3,4BpPr-4BpPr)12G1-CO2CH3
and (3,4BpPr-4BpPr)12G1-CH2OH. As expected for rod-like molecules, (3,4BpPr4BpPr)12G1-CO2CH3 exclusively layered structures, in this case lamellar crystals

(Lam(k)). At room temperature (3,4BpPr-4BpPr)12G1-CH2OH also forms Lam(k)
structures, but at higher temperatures is transformed to a triply continuous cubic lattice
with Im 3 m (l) symmetry (Cubtri). While, the Cubtri phase has been observed in a few
examples of phasmidic molecules,15-16 it has not been observed before for self-assembling
dendrons. The Cubtri is readily distinguished via XRD by the dominance of (321) and
(400) diffraction peaks (Supporting Figure 5.SF6). Figure 5.3 depicts a reconstructed
electron density map of the Cubtri phase. Removal of a single C12 alkyl tail from the
periphery (3,4BpPr-4BpPr)12G1-X results in non-branched (4BpPr)212G0-CO2CH3
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and (4BpPr)212G0-CH2OH, both of which form bilayer lamellar crystals (Lam(k,bilayer))
at lower temperature and Lam(k) at higher temperature. For comparison to (3,4BpPr4BpPr)12G1-X,

(3,4,5BpPr-4BpPr)12G1-X,

which

would

result

from

the

deconstruction of (3,4,5BpPr)212G2-X, was also investigated. Like (3,4BpPr4BpPr)12G1-CO2CH3,

(3,4,5BpPr-4BpPr)12G1-CO2CH3,

forms

only

lamellar

structures. However, (3,4,5BpPr-4BpPr)12G1-CH2OH forms another example of the
ordered 3D hexagonal columnar superlattice (h3D-SL) and hexagonal columnar LC phase
(h) at elevated temperature. Unlike (3,4BpPr-4BpPr)12G1CH2OH, no Cubtri phase
was observed. Deconstruction of (3,4,5BpPr-4BpPr)12G1-X via the removal of two C12
alkyl tails from the periphery also provides non-branched (4BpPr)212G0-X, which forms
exclusively lamellar phases.

Figure 5.3 – Reconstructed electron density map of Cubtri phase observed for (3,4BpPr4BpPr)12G1-CH2OH at 138 °C.

The higher generation 3 dendron, (3,4BpPr-(3,4,5BpPr)2)12G3-X, provides a
larger library of deconstructed dendrons (Figure 5.1). (3,4BpPr-(3,4,5BpPr)2)12G3355

CO2CH3

and (3,4BpPr-(3,4,5BpPr)2)12G3-CH2OH both exhibit Cub phases.

Deconstruction via removal of one (3,4BpPr-3,4,5BpPr)12G2 subunit gives (3,4BpPr3,4,5BpPr-3,4BpPr)12G3-CO2CH3 and (3,4BpPr-3,4,5BpPr-3,4BpPr)12G3-CH2OH,

both of which exclusively self-assemble into spherical dendrimers that self-organize into
a Cub lattice. Likewise, removal of two (3,4BpPr)121 subunits from the periphery of
(3,4BpPr-3,4,5BpPr-3,4BpPr)12G3-X,

provides

(3,4BpPr)312G3-X

which

only

exhibits Cub phases. As demonstrated in a previous study5 and for the deconstruction of
the generation 2 dendron (3,4BpPr-3,4,5BpPr)12G2-X, decreasing the number of
branches for dendrons of equivalent molecular size results in a continual increase in the
size of supramolecular dendrimers in Cub lattices. In this case a ~20 Å increase in
spherical diameter is observed in the deconstruction (3,4BpPr-(3,4,5BpPr)2)12G3-X to
(3,4BpPr)312G3-X. Further, removal two more (3,4BpPr)12G1 subunits from the

periphery of (3,4BpPr)312G3-X, provides a novel AB2-AB-AB2 dendritic architecture,
(3,4BpPr-4BpPr-3,4BpPr)12G2-X.

At

lower

temperatures

(3,4BpPr-4BpPr-

3,4BpPr)12G2-CO2CH3 self-organizes into a centered rectangular columnar lattice with

c2mm symmetry (r-c). At higher temperature, an extremely large Cub phase composed
of vesicular spheres is observed. The first vesicular Cub phase was reported for (4BpPr3,4BpPr-3,5BpPr)12G2-CO2CH3.5 (See Chapter 4) In the case of (4BpPr-3,4BpPr3,5BpPr)12G2-CO2CH3 , vesicular spheres of constructed from 770 quasi-equivalent

dendrons exhibited a molecular weight of 1.73  106 g/mol and an experimental diameter
of 171.2 Å. In this second example of a vesicular Cub phase generated from the
deconstructed dendron (3,4BpPr-4BpPr-3,4BpPr)12G2-CO2CH3., vesicular spheres are
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composed of 933 quasi-equivalent dendrons but are structurally similar with a molecular
weight of 1.70  106 g/mol and an experimental diameter of 171.9 Å. Both of these
structures, represent the largest objects produced via the self-assembly of dendrons are
comparable only to the most complex biological structures. Like with (4BpPr-3,4BpPr3,5BpPr)12G2-CO2CH3,

the

corresponding

alcohol

of

(3,4BpPr-4BpPr-

3,4BpPr)12G2-CO2CH3, does not exhibit the vesicular phase. At lower temperature
(3,4BpPr-4BpPr-3,4BpPr)12G2-CH2OH, forms a columnar h while at elevated

temperature it is believed that a novel columnar tetragonal (Tet) phase is observed.
Alternative deconstruction of (3,4BpPr-(3,4,5BpPr)2)12G3-X¸ can proceed via
the removal of two (3,4BpPr-3,4,5BpPr)12G2 subunits at the periphery to arrive at
(3,4BpPr-3,4,5BpPr-4BpPr)12G2-X.

(3,4BpPr-3,4,5BpPr-4BpPr)12G2-CO2CH3

form a Cub phase with an expected ~20 Å increase in spherical diameter as compared to
the parent (3,4BpPr-(3,4,5BpPr)2)12G3-CO2CH3 ,as a result

of the decreased

branching. On the other hand, (3,4BpPr-3,4,5BpPr-4BpPr)12G2-CH2OH does not form
a Cub phase, but rather forms an unidentified columnar structure at low temperature and
self-assembles into spherical dendrimers that self-organize into a body-centered cubic
lattice with Im 3 m symmetry (BCC). The BCC lattice is not as ubiquitous for selforganizable dendrons as the Cub lattice, though it has been observed for dendronized
poly(oxazolines),17 generation 1 dendritic metal carboxylates,18 and the benzyl ether
dendron (4-3,4,5-3,5)12G2-OH.2 Further deconstruction of (3,4BpPr-3,4,5BpPr4BpPr)12G2-X through the removal of three C12 alkyl tails from the periphery provides
(4BpPr-3,4,5BpPr-4BpPr)12G1-X.

(4BpPr-3,4,5BpPr-4BpPr)12G1-CO2CH3

357

exclusively forms a Lam(k,bilayer) structure, while (4BpPr-3,4,5BpPr-4BpPr)12G1CH2OH self-assembles into simple rectangular columnar lattices with p2mm symmetry

(r-s). This differs from the self-assembly of the corresponding benzyl-ether dendron (43,4,5-4)12G1-CH2OH9 which forms a h lattice at low temperature and transforms to

Cub lattice at higher temperature. Continued deconstruction via the removal of
(4BpPr)12G0 periphery unit proves (4BpPr-3,4BpPr-4BpPr)12G1-X. Here too, the

ester forms only a Lam(k,bilayer) structure, while corresponding dendritic alcohol forms a
r-s.lattice. The similar benzyl-ether dendron (4-3,4-4)12G1-CH2OH9 exhibits a phase

order of r-c , h, and an unknown lattice at high temperature.
Returning to (3,4BpPr-3,4,5BpPr-4BpPr), deconstruction can also proceed via
removal of one (3,4BpPr)12G1 periphery unit to provide ((3,4BpPr)2-4BpPr)12G2-X.
((3,4BpPr)2-4BpPr)12G2-CO2CH3 and ((3,4BpPr)2-4BpPr)12G2-CH2OH both self-

assemble into h lattices at low temperature but upon heating exhibit hexagonal columnar
lattices with doubled lattice dimensions. These higher temperature phases can be
attributed to the formation hexagonal columnar super-lattice (h3D-SL) generated from the
co-assembly of two dissimilar types of self-assembled columns. Figure 5.4 depicts the
electron density reconstruction of this 3D (h3D-SL) and suggests undulated columns
oriented along the 00l axis. Interestingly between the h and h3D-SL, at intermediate
temperature a second example of the Cubtri phase is observed. This second example of the
Cubtri phase from deconstructed dendrons is noteworthy in that the molecular structure
that generates the phase does not bear strong resemblance to the phasmidic structures
previously reported to exhibit this triply continuous phase.15-16
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Figure 5.4 – Two solutions for the electron density reconstruction of ((3,4BpPr)24BpPr)12G2-CO2CH3 at 105 °C. The phases of the diffraction peaks employed are
shown below.

Further deconstruction via the removal of one more (3,4BpPr)12G1periphery unit
provided (3,4BpPr-(4BpPr)2)12G1-CO2CH3, which forms a r-c lattice as prepared, but
upon heating forms a Lam(k,

bilayer)

which does not regenerate the r-c structure upon

cooling. Due to poor solubility (3,4BpPr-4BpPr-4BpPr)12G1-CH2OH, nor the entirely
non-branched (4BpPr)312G0-X could be prepared. Instead,
(3,4,5BpPr-(4BpPr)2)12G1-CO2CH3

and

analogous structures,

(3,4,5BpPr-(4BpPr)2)12G1-CH2OH

synthesized. These structures result from the deconstruction of (3,4,5BpPr)312G3-X. At
low

temperature

(3,4,5BpPr-(4BpPr)2)12G1-CO2CH3 forms

a

Lam(k),

while

(3,4,5BpPr-(4BpPr)2)12G1-CH2OH exhibits h self-assembly (Figure 5.5 right). At

elevated temperature both the dendritic ester and the dendritic alcohol self-organize into a
gyroid bicontinuous body-centered cubic phases with Ia3 d symmetry (Cubbi) (Figure 5.5
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left and Supporting Figure SF7) and similar lattice parameters. This phase has also been
observed for similar phasmidic molecules,16 and dendrons with semifluorinated
peripheries (Figure 2.48),19 but has not been found in previous libraries of selfassembling dendrons.2-5

Figure 5.5 – Electron density reconstructions of the Cubbi phase generated from
(3,4,5BpPr-(4BpPr)2)12G1-CH2OH at 128 °C (left) and of the h phase at 105 °C.

5.3 Conclusion
It was recently demonstrated that supramolecular structure generated from selfassembling dendrons can be predicted by their primary structure. Predictable selfassembly is useful for the rationale design of new structures, but limits the likelihood of
finding new structures through existing design strategies. Here, it is demonstrated that the
“deconstruction” of self-assembling dendrons provides access to novel dendron primary
structures that are shown to generate many self-assembled structures that were not found
in previous libraries of self-assembling dendrons including triple continuous (Cubtri) and
bicontinuous (Cubbi) body-centered cubic lattices, hexagonal columnar super-lattices
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(hsuper-lattice), and a novel tetragonal phase. The co-assembly of dendronized donors,
dendronized acceptors, or donor/acceptor polymers provided access to self-repairing 2D
electronic materials.20 The approach to triple continuous and bicontinuous structures
discovered here may ultimately find use in the design of useful 3D electronic materials
that do not require an alignment.21 Additionally, phases less common in libraries of selfassembling dendrons such as vesicular cubic structures and micellar body-centered cubic
(BCC) lattices were also observed for libraries of deconstructed dendrons. Ultimately, the
deconstruction strategy can be applied to any dendron primary structure regardless of
whether or not it has been previously synthesized, providing nearly limitless inspiration
for new rationally designed structures. Through the elaboration of more libraries of
deconstructed dendrons it will eventually be determined whether the self-assembly of
deconstructed dendrons can be predicted from their primary structures.

5.4 Experimental Section
5.4.1 Materials

Ammonium bromide, 1-bromododecane (98 %), N-bromosuccinimide (NBS) (99 %),
periodic acid, hydrocinnamic acid, trimethylborate (99 %) (all from Acros), LiAlH4
(95 %), n-butyllithium solution in hexane (1.6 M), anhydrous K2CO3, (all from Aldrich),
iodine, veratrole, anhydrous MgSO4, Celite 545®, NaOH, NaHSO4 NaHCO3, NaCl, HCl,
glacial acetic acid, hydrobromic acid (48 % w/w in H2O), hydrogen peroxide (30 %),
dioxane, ethanol, hexanes, ethyl acetate, toluene, methanol, acetone, tetrahydrofuran (all
from Fisher) were used as received. K3PO4 (tribasic, Fisher) was dried under vacuum at
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40 °C for 24h prior to use. Magnesium filings (from Lancaster) were used as received.
Triphenylphosphine (PPh3) (99 %, Acros) was recrystallized from hexanes prior to use.
CH2Cl2, triethylamine and toluene was dried over CaH2 (from SIGMA-Aldrich) and
freshly distilled before use. Dioxane and tetrahydrofuran was refluxed over sodium (from
SIGMA-Aldrich)/benzophenone (from Acros) until the solution turned purple and freshly
distilled prior to use. Deuterated solvents for NMR analysis were purchased from
Cambridge Isotope Laboratories, Inc. All other chemicals were commercially available
and were used as received. Al2O3 (activated, basic, Brokmann I, standard grade, ≈ 150
mesh, 58 Å) and silica gel (ICN EcoChrom SiliTech 23-63D 60 Å) were used as received.
5.4.2 Techniques

The purity and structural identity of final products and intermediates was determined
by a combination of techniques that includes thin-layer chromatography (TLC), highpressure-liquid chromatography (HPLC), gel permeation chromatography, (GPC), 1H and
13

C NMR, and matrix-assisted laser/desorption/ionization time-of-flight (MALDI-TOF)

mass spectrometry.
TLC was performed on silica gel coated aluminum plates (with F254 indicator; layer
thickness, 200 μm; particle size, 2-25 μm; pore size 60Å, SIGMA-Aldrich). HPLC was
carried out using THF as mobile phase at 1 mL/min, on a Shimadzu LC-10AT high
pressure liquid chromatograph equipped with a Perkin Elmer LC-100 oven (40 ºC),
containing two Perkin-Elmer PL gel columns of 5  102 and 1  104 Å, a Shimadzu SPD10A UV detector ( = 254 nm), a Shimadzu RID-10A RI-detector, and a PE Nelson
Analytical 900 Series integrator data station. Relative molecular weights were determined
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by using the same instrument in a gel permeation chromatography (GPC) setup. Relative
weight average (Mw) and number average (Mn) molecular weights were calculated by
using a calibration plot constructed from polystyrene standards.1H NMR (500 MHz) was
performed on a Bruker DRX500 instrument. 13C NMR (125 MHz) spectra were recorded
on a Bruker DRX500 and Bruker DMX400 instruments.
Thermal transitions were determined on a TA Instruments Q100 differential scanning
calorimeter (DSC) equipped with a refrigerated cooling system with 10 °C min-1 heating
and cooling rates. Indium was used as calibration standard. The transition temperatures
were calculated as the maxima and minima of their endothermic and exothermic peaks.
An Olympus BX51 optical microscope (100 magnifications) equipped with a Mettler
FP82HT hot stage and a Mettler Toledo FP90 Central Processor was used to verify
thermal transitions and to characterize anisotropic textures. Density (20) measurements
were carried out by flotation in gradient columns at 20 °C.
Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass
spectrometry was performed on a PerSeptive Biosystems-Voyager-DE (Framingham,
MA) mass spectrometer equipped with a nitrogen laser (337 μm) and operating in linear
mode. Internal calibration was performed using Angiotensin II and Bombesin as
standards. The analytical sample was obtained by mixing a THF solution of analyte (5-10
mg/mL) with a THF solution of matrix (3,5-dimethoxy-4-hydroxy-trans-cinnamic acid or
2,4-dihydroxybenzoic acid, 10mg/mL) in a 1/5 v/v ratio. The prepared solution of the
analyte and matrix (0.5 μL) was loaded on the MALDI plate and allowed to dry at 23 °C
before the plate was inserted into the vacuum chamber of the MALDI instrument. The
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laser steps and voltages applied were adjusted depending on both the molecular weight
and the nature of analyte.
Powder and oriented fiber X-ray diffraction (XRD) experiments were carried out
using Cu-Kradiation (= x-ray radiation wavelength = 1.54178 Å) from a BrukerNonius FR-591 rotating anode X-ray source equipped with a 0.2  0.2 mm2 filament
operated at 3.4 kW. The Cu radiation beam was collimated and focused by a single bent
mirror and sagitally focused through a Si (111) monochromator, generating a 0.3  0.4
mm2 spot on a Bruker- SAXS Hi-Star multiwire area detector. To minimize air
attenuation and background scattering, an integral vacuum was maintained along the
length of the flight tube and within the sample chamber. Powder or fiber samples were
loaded in thin-wall glass capillaries (0.7 – 1.0 mm in diameter) and mounted in a custom
made oven. The oven temperature precision is ± 0.1 °C and the temperature ranges from 120 °C to 270 °C. The distance between the sample and the Bruker-AXS HiStar detector
was 6.5 cm or 12.0 cm for wide-angle diffraction experiments and 54.0 cm for
intermediate angles diffraction experiments. Aligned samples for fiber XRD experiments
were prepared using a custom made extrusion device. The powder as-prepared sample
(typical amount used was around 5-10 mg) was heated inside the custom-made extrusion
device above isotropization temperature. After slow cooling from the isotropic phase, the
fiber was extruded at the temperature corresponding to the desired liquid crystal or
crystal phase. In all cases, the oriented fiber axis was perpendicular to the X-ray beam
direction. XRD peaks position and intensity analysis was performed using Datasqueeze
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Software (version 2.01). The background or diffraction peaks were fitted with polynomial,
Gaussian, Lorentzian, Lorentzian squared, or Voigt peak-shape fitting.
Molecular modeling was performed using Materials Studio Modeling software
(Accelrys, version 3.1.0.0). In all cases, the supramolecular assemblies were minimized
using either Discover module (using the COMPASS forcefield) or the VAMP module
(using the PM3 Hamiltonian).

5.4.3 Synthesis

The synthesis of methyl 4-iodohydrocinnamate (1), 4-bromoanisole, 4bromovertrole,

1-bromo-3,4,5-trimethoxybenzene,

methyl

3-(4-(5,5-dimethyl-1,3,2-

dioxaborinan-2-yl)phenyl)propanoate (2), 4-(3-methoxy-3-oxypropyl)phenylboronic acid
(3),

methyl

4’-methoxy-4-biphenylpropanoate

(4a),

methyl

3’,4’-dimethoxy-4-

biphenylpropanoate (4b), methyl 3’,4’,5’-trimethoxy-4-biphenylpropanoate (4c), methyl
4’-hydroxy-4-biphenylpropanoate (5a), methyl 3’,4’-dihydroxy-4-biphenylpropanoate
(5b), methyl 3’,4’,5’-trihydroxy-4-biphenylpropanoate (5c), (4BpPr)12G0-CO2CH3 (6a),
(4BpPr)12G0-CH2OH (7a), (4BpPr)12G0-CH2Br (8a), (3,4BpPr)12G1-CO2CH3 (6b),
(3,4BpPr)12G1-CH2OH

(7b),

(3,4BpPr)12G1-CH2Br

(8b),

(3,4,5BpPr)12G1-

CO2CH3 (6c), (3,4,5BpPr)12G1-CH2OH (7c), (3,4,5BpPr)12G1-CH2Br (8c), (4BpPr3,4,5BpPr)12G1-CO2CH3 (9a), (4BpPr-3,4,5BpPr)12G1-CH2OH (9b), (4BpPr3,4,5BpPr)12G1-CH2Br

(9c),

(4BpPr-3,4BpPr)12G1-CO2CH3

3,4BpPr)12G1-CH2OH

(10b),

(4BpPr-3,4BpPr)12G1-CH2Br

(10a),
(10c),

(4BpPr(3,4BpPr-

3,4,5BpPr)12G2-CO2CH3 (11a), (3,4BpPr-3,4,5BpPr)12G2-CH2OH (11b), (3,4BpPr-
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3,4,5BpPr)12G2-CH2Br (11c), (3,4BpPr-(3,4,5BpPr))212G3-CO2CH3 (12a), and
(3,4BpPr-(3,4,5BpPr))212G3-CH2OH

(12b),

(3,4BpPr)212G2-CO2CH3

(15a),

(3,4BpPr)212G2-CH2OH (15b), (3,4BpPr)212G2-CH2Br (15c), (3,4BpPr)312G3CO2CH3 (16a), (3,4BpPr)312G3-CH2OH (16b), were reported previously.5

Methyl

3-(3',4'-bis(3-(3',4',5'-tris(3-(3',4'-bis(dodecyloxy)biphenyl-4-

yl)propoxy)biphenyl-4-yl)propoxy)biphenyl-4-yl)propanoate

[(3,4BpPr-3,4,5BpPr-

3,4BpPr)12G3-CO2CH3] (13a): Compound 11c (3.43 g, 1.71 mmol) was dissolved in

DMF (20 mL) at 80 °C while sparging with N2. K2CO3 (0.67 g, 4.86 mmol) was added,
followed by a sparged solution of compound 5b (0.22 g, 0.81 mmol) in DMF (15 mL)
dropwise via addition funnel. The reaction mixture was stirred at 80 °C for an additional
15 h. The reaction mixture was cooled to room and precipitated in water (250 mL). The
solution was filtered and the solids collected. The crude solids were redissolved in
CH2Cl2, dried over anhydrous MgSO4, filtered and concentrated. Purification via column
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chromatography (silica gel, CH2Cl2/Hexanes 4:1) followed by recrystallization (acetone
with minimal CH2Cl2) gave the desired product as a white solid (2.19 g, 65%). Rf=0.19
(CH2Cl2/Hexanes 4:1); Purity (HPLC): 99+%; 1H NMR (500 MHz, CDCl3, 20 °C) δ =
0.88 (m, 36H, n’), 1.26 (bs, 192H, m’), 1.46 (m, 24H, l’), 1.81 (m, 24H, k’), 2.16 (m, 16H,
j + p + x + e’), 2.64 (t, J = 7.7 Hz, 2H, b), 2.84-2.89 (m, 12H, k + q + f’), 2.93-2.98 (m,
6H, c + w), 3.67 (s, 3H, a), 3.98-4.03 (m, 24H, j’), 4.07-4.11 (m, 12H, i + o + d’), 4.114.15 (m, 4H, w), 6.74 (s, 4H, n + i’), 6.87 (d, J = 8.3 Hz, 2H, c’), 6.89 ( d, J = 8.4 Hz, 4H,
v), 6.93 (d, J = 9.0 Hz, 1H, h), 7.02-7.10 (m, 14H, f + g + t + u + a’ + b’), 7.21-7.28 (m,
18H, d + l + r + y + g’), 7.41-7.47 (m, 18H, e + m + s + y + h’) ppm; 13C NMR (125
MHz, CDCl3, 20 °C) δ = 14.1, 22.7, 26.1, 29.4, 29.5, 29.7 (x2), 30.5, 31.0, 31.1, 31.8,
31.9 (x2), 32.1, 32.2, 35.6, 51.6, 68.1, 68.3, 69.3, 69.4 (x2), 105.8, 113.0 (x2), 113.2,
114.1, 114.2, 119.4, 119.6, 126.9, 127.0, 128.7, 128.8, 128.9 (x2), 134.1 (x2), 134.2,
136.6, 137.5, 138.6, 138.8, 139.0, 139.1, 140.0, 140.6, 140.7, 148.6, 148.7, 149.2, 149.3,
153.2, 173.3 ppm; MS (MALDI-TOF): m/z calcd for C280H416O22 4134.29, found 4133.82
[M] +.
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3-(3',4'-bis(3-(3',4',5'-tris(3-(3',4'-bis(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4yl)propoxy)biphenyl-4-yl)propan-1-ol [(3,4BpPr-3,4,5BpPr-3,4BpPr)12G3-CH2OH]
(13b): To a stirring slurry of LiAlH4 (0.018 g, 0.484 mmol) in THF (5.0 mL) at 0 °C was

added a solution of compound 13a in THF (5.0 mL) dropwise via addition funnel. The
reaction mixture was allowed to warm to room temperature over 2 h while stirring, at
which point the reaction mixture showed complete conversion by TLC (CH2Cl2/hexanes
4:1). The reaction mixture was recooled to 0 °C and quenched via the slow sequential
addition of water (18 μL), 10% aqueous NaOH (18 μL), and water (49 μL). The reaction
mixture was allowed to stir for an additional 15 minutes and the solids were filtered. The
filtrate was dried over anhydrous MgSO4, filtered and concentrated. The crude product
was purified via recrystallization (acetone with minimal CH2Cl2) to give the desired
product (0.95 g, 95%) as a white solid. Rf = 0.05 (CH2Cl2/hexanes 4:1); Purity (HPLC):
99+%; 1H NMR (500 MHz, CDCl3, 20 °C) δ: 0.88 (m, 36H, p’), 1.26 (bs, 193H, a+ o’),
1.46 (m, 24 H, n’), 1.81 (m, 24H, m’), 1.89 (m, 2H, c), 2.16 (m, 16H, k + q + y + g’),
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2.72 (t, J = 7.5 Hz, 2H, d), 2.84-2.91 (m, 12H, r + z), 2.94 - 2.97 (t, J = 7.6 Hz, 4H, l +
h’), 3.69 (q, J = 5.5 Hz, 2H, b), 3.98-4.03 (m, 24H, l’), 4.08-4.11 (m, 12H, q + y), 4.114.16 (m, 4H, k + g’), 6.75 (s, 4H, o + k’), 6.87 (d, J = 8.5 Hz, 2H, e’), 6.90 (d, J = 8.3 Hz,
4H, w), 6.93 (d, J = 8.1 Hz, 1H, i), 7.02 - 7.11 (m, 14H, g + h + u + v + c’ + d’), 7.21 7.28 (m, 18H, e + m + s + a’ + i’), 7.41-7.47 (m, 18H, f + n + t + b’ + j’) ppm; 13C NMR
(125 MHz, CDCl3, 20 °C) δ= 14.1, 22.7, 26.1, 29.4, 29.5, 29.7 (x2), 30.3, 30.9, 31.1, 31.7
(x2), 31.9 (x2), 32.1, 32.2, 34.2, 62.2, 68.2, 69.4 (x3), 72.9, 105.8, 113.1, 113.2, 114.1,
114.3, 119.4, 119.6, 125.5, 126.7, 126.8, 127.0, 128.8 (x2), 128.9, 134.1, 134.2, 134.4,
136.6, 137.6, 138.6, 138.8, 139.0, 140.0, 140.5, 140.6, 140.7, 148.5, 148.6, 148.7, 149.2,
149.3, 153.2 ppm; MS (MALDI-TOF) : m/z calcd for C279H416O21 4104.1, found 4103.12
[M] +.

Methyl 3-(4'-(3-(3',4',5'-tris(3-(3',4'-bis(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl4-yl)propoxy)biphenyl-4-yl)propanoate [(3,4BpPr-3,4,5BpPr-4BpPr)12G2-CO2CH3]
(14a): Compound 11c (0.95 g, 0.47 mmol) was dissolved in DMF (20 mL) at 80 °C while

sparging with N2. K2CO3 (0.20 g, 1.42 mmol ) was added, followed by compound 5a
(0.12 g, 0.47 mmol). The sparging needle was lifted from the solution and the reaction
369

mixture was allowed to stir for 15 h. The reaction mixture was cooled to room
temperature and precipitated in water (150 mL). The solution was filtered and the solids
collected. The crude solids were redissolved in CH2Cl2 (100 mL) dried over anhydrous
MgSO4, filtered, and concentrated. Column chromatography (silica gel, CH2Cl2), gave
the desired product (0.89 mg, 86%) as a white solid. Rf = 0.55 (CH2Cl2); Purity (HPLC):
99.9+%; 1H NMR (500 MHz, CDCl3, 20 °C) δ = 0.88 (t, J = 6.8 Hz, 18H, h’), 1.27 (bs,
96H, g’), 1.44 (m, 18H, f’), 1.77 (m, 18H, e’), 2.06 (m, 2H, i), 2.16 (m, 6H, o + w), 2.66
(t, J = 6.5 Hz, 2H, b), 2.85 (m, 6H, j + p), 2.96 (m, 2H, x), 2.98 (t, J = 7.5Hz, 2H, c), 3.69
(s, 3H, a), 4.01 (m, 14H, h + d’), 4.10 (t, J = 6.2 Hz, 4H, n), 4.17 (t, J = 6.2 Hz, 2H, u),
6.75(s, 2H, m), 6.89 (d, J = 8.3 Hz, 1H, a’), 6.91 (d, J = 8.3 Hz, 2H, s), 6.96 (d, J = 8.8
Hz, 2H, g), 7.05 - 7.09 (m, 6H, s + t + a’ + b’), 7.22 - 7.25 (m, 8H, k + q + y), 7.28 (d, J =
8.2 Hz, 2H, d), 7.43 - 7.45 (m, 8H, l + r + z), 7.46 - 7.50 ppm (m, 4H, e + f); 13C NMR
(125 MHz, CDCl3, 20 °C) δ: 14.1, 22.7, 26.1, 29.4 (x2), 29.5, 29.7 (x2), 30.5, 30.8, 31.1,
31.8 (x2), 31.9, 32.1, 32.2, 35.7, 51.6, 67.0, 68.2, 69.5 (x2) 69.5, 72.9, 106.0, 113.2,
113.3, 114.8, 119.5, 126.7, 126.8 (x2), 127.0, 127.9, 128.6, 128.9, 133.5, 134.2, 134.3,
136.6, 137.7(x2), 138.6, 138.8, 138.9, 138.9, 139.0, 140.0, 140.5, 140.7, 148.7, 148.8,
149.4, 153.2, 158.5, 173.3 ppm; MS (MALDI-TOF): m/z calcd for C148H216O12 2187.29,
found 2211.13 [M-Na+].
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3-(4'-(3-(3',4',5'-tris(3-(3',4'-bis(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4yl)propoxy)biphenyl-4-yl)propan-1-ol

[(3,4BpPr-3,4,5BpPr-4BpPr)12G2-CH2OH]

(14b): To a slurry of LiAlH4 (0.013 g, 0.34 mmol) in THF (4.0 mL) at 0 °C was added a

solution of compound 14a (0.50 g, 0.23 mmol) in THF (8.0 mL) dropwise via addition
funnel. The reaction mixture was allowed to warm to room temperature over 5 h. The
reaction mixture was quenched via slow sequential addition of water (13 μL), 15%
aqueous NaOH (13 μL), and water (39 μL) at 0 °C. The reaction mixture was allowed to
stir for an additional 15 minutes. The solids were filtered and washed thoroughly with
CH2Cl2. The filtrate was dried over anhydrous MgSO4, filtered and concentrated to give
the desired product (0.48 g, 99%) as a white solid. Rf=0.11 (CH2Cl2); Purity (HPLC):
99.9+%; 1H NMR (500 MHz, CDCl3, 20 °C) δ: 0.88 (t, J = 6.8Hz, 18H, h’), 1.27 (bs,
97H, a + g’), 1.44 (m, 12H, f’), 1.77 (m, 12H, e’), 2.06 (m, 2H, c), 2.16 (m, 8H, j + p + x),
2.74 (t, J = 7.6 Hz, 2H, d), 2.86 (m, 6H, k + q), 2.96 (t, J=6.4Hz, 2H, y), 3.70 (m, 2H, b),
4.01 (m, 14H, i + w), 4.10 (t, J = 6.4 Hz, 4H, o), 4.16 (t, J = 6.0 Hz, 2H, w), 6.75 (s, 2H,
n), 6.71 (d, J = 8.3 Hz, 1H, c’), 6.96 (m, 4H, h + v), 7.05 - 7.09 (m, 6H, t + u + a’ + b’),
7.22 - 7.25 (m, 8H, l + r), 7.28 (d, J = 8.2 Hz, 2H, e), 7.43 - 7.45 (m, 8H, m + s + z), 7.46
- 7.51 (m, 4H, f + g) ppm; 13C NMR (125 MHz, CDCl3, 20 °C) δ= 14.1, 22.7, 26.1, 29.4
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(x2), 29.5, 29.7 (x2), 30.8, 31.1, 31.7, 31.8 (x2), 31.9, 32.1, 32.2, 34.2, 62.3, 67.0, 68.2,
69.5 (x2), 72.9, 106.0, 113.2 (x2), 114.3, 114.8, 119.5, 126.7 (x2), 126.8, 127.0, 127.9,
128.8, 128.9, 133.6, 134.2, 134.3, 136.6, 137.7, 138.5, 138.6, 138.8, 139.0, 140.0, 140.3,
140.6, 140.7, 148.7, 148.8, 149.4, 153.2, 158.5 ppm; MS (MALDI-TOF): m/z calcd for
C147H216O11 2159.28, found 2183.94 [M-Na+].

Methyl 3-(4'-(3-(3',4'-bis(3-(3',4'-bis(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4yl) propoxy)biphenyl-4-yl)propanoate [((3,4BpPr)2-4BpPr]12G2-CO2CH3)] (17a): A

100 mL 2-neck round bottom flask was charged with compound 5a (0.27 g, 1.04 mmol),
K2CO3 (0.43 g, 3.12 mmol) and DMF. The reaction vessel was sparged with N2 for 30
min. To the reaction mixture was added a sparged solution of compound 15c (1.56 g,
1.09 mmol) in DMF (25 mL). The reaction mixture was heated to 80 °C for 24 h. The
reaction mixture was cooled to room temperature and precipitated in water (300 mL). The
reaction mixture was filtered and the solids collected. The solids were redissolved in
CH2Cl2 and dried over anhydrous MgSO4, filtered, and concentrated. Column
chromatography (silica gel, CH2Cl2/hexanes 3:1), gave the desired product (0.70 mg,
42%) as a white solid. Rf =0.23 (CH2Cl2/hexanes 2:1); Purity (HPLC): 99.9+%; 1H NMR
(500 MHz, CDCl3, 20 °C) δ: 0.89 (t, J = 5.8 Hz, 12 H, j’), 1.28 (bs, 64 H, i’), 1.48 (m, 8
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H, h’), 1.82 (m, 8 H, g’), 2.15 (m, 2 H, i), 2.21 (m, 4 H, q + r), 2.85 (t, J = 7.5 Hz, 2 H, j),
2.91 (t, J = 7.4 Hz, 4H, r + z), 2.98 (t, J = 7.8 Hz, 2 H, c), 3.68 (s, 3 H, a), 4.03 (m, 10 H,
h + f’), 4.10 (t, J = 6.3 Hz, 2 H, p), 4.14 (t, J = 6.3 Hz, 2 H, x), 6.91-6.97 (m, 5H, g + o +
w + e’), 7.07 - 7.13 (m, 6H, m + n + u + v + c’ + d’), 7.23 - 7.28 (m, 8H, d + k + s + a’),
7.45 - 7.50 (m, 10H, e + f + l + t + b’) ppm; 13C NMR (125 MHz, CDCl3, 20 °C) δ=14.2,
22.8, 26.2, 29.6, 29.8 (x2), 30.7, 31.0, 31.2, 31.9 (x2), 32.0, 32.1, 35.8, 51.7, 67.2, 68.6,
69.7 (x2), 113.5, 113.6, 114.5, 114.7, 115.0, 119.6, 119.8, 126.4, 127.0, 128.1, 128.8,
129.0, 133.6, 134.4, 134.6, 138.9, 139.0, 139.1 (x2), 140.3, 138.9, 149.0, 149.5, 149.6,
158.7, 173.4 ppm; MS (MALDI-TOF): m/z calcd for C109H154O9 1608.38, found 1609.30
[M +H] +.

3-(4'-(3-(3',4'-bis(3-(3',4'-bis(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4yl)propoxy)biphenyl-4-yl)propan-1-ol [((3,4BpPr)2-4BpPr)12G2-CH2OH]] (17b): To

a slurry of LiAlH4 (0.019 g, 0.50 mmol) in THF ( 5.0 mL) at 0 °C was added a solution
of compound 17a (0.40 g, 0.25 mmol) in THF (5.0 mL) dropwise via addition funnel.
The reaction mixture was allowed to warm to room temperature over 5h at which point
TLC (CH2Cl2/hexanes 2:1) showed complete conversion. The reaction mixture was
recooled to 0 °C and quenched via slow sequential addition of water (19 μL), 10%
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aqueous NaOH (19 μL), and water (57 μL). The reaction mixture was allowed to stir for
an additional 15 min. The solids were filtered and washed copiously with CH2Cl2. The
filtrate was dried over anhydrous MgSO4, filtered and concentrated to yield a white solid
(0.33 g, 85%). Rf = 0.15 (CH2Cl2); Purity (HPLC): 99.9+%; 1H NMR (CDCl3, 500 MHz,
20 °C) δ: 0.88 (t, J = 5.9 Hz, 12 H, k’), 1.28 (bs, 65H, a + j’), 1.47 (m, 8H, i’), 1.82 (m,
8H, h’), 1.92 (m, 2H, c), 2.14 (t, J = 7.2 Hz, 2H, j), 2.20 (m, 4H, r + u), 2.73 (t, 2H, J =
7.6 Hz, d), 2.85 (t, J = 7.4 Hz, 2H, k), 2.90 (t, J = 7.3 Hz, 4H, s + v), 3.70 (s, 2H, b), 4.01
(m, 10H, g’ + i’), 4.09 (t, J = 6.1 Hz, 2H, q), 4.13 (t, J = 6.1 Hz, 2H, t), 6.90 - 6.96 (m,
5H, h + p + a’ + f’), 7.07 (d, J = 8.2 Hz, 2H, n + o), 7.11 (d, J = 11.1 Hz, 4H, y + z + d’
+e’), 7.27 - 7.23 (m, 8H, e + l + w + b’), 7.44 - 7.50 (m, 10 H, f + m + x + c’) ppm; 13C
NMR (CDCl3, 125 MHz) δ: 14.2, 22.8, 26.3, 29.5, 29.6, 29.8, 29.9, 31.0, 31.2, 31.8, 31.9,
32.0, 32.1, 34.4, 62.5, 67.2, 68.6, 68.7, 69.7 (x2), 113.5, 113.6, 114.6, 114.8, 115.0, 119.7,
119.9, 126.9, 127.0, 128.1, 129.0, 133.8, 134.4, 134.6, 138.7, 138.9, 139.0, 140.3, 140.4,
148.9, 149.0, 149.5, 149.6, 158.7 ppm; MS (MALDI-TOF): m/z calcd for C109H154O8
1580.37, found 1579.71 [M ] +.

Methyl

3-(4'-(3-(3',4',5'-tris(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4-

yl)propanoate [(3,4,5BpPr-4BpPr)12G1-CO2CH3] (18a): A solution of compound 8c

(5.35 g, 6.46 mmol) in DMF (100 mL) at 60 °C was sparged with N2 for 30 minutes.
K2CO3 (2.68 g, 19.38 mmol) was added followed by compound 5a (1.74 g, 6.78 mmol).
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The reaction mixture was heated to 85 °C and the sparging needle was removed. The
reaction mixture was allowed stir for an additional 15 h at 85 °C. The reaction mixture
was cooled to room temperature and precipitated in water (800 mL). The reaction mixture
was filtered and the solids collected. The solids were redissiolved in CH2Cl2, dried over
anhydrous MgSO4, filtered and concentrated. Purification via column chromatography
(silica gel, hexanes/CH2Cl2 1:1 gradient to 0:1) followed by recrystallization (acetone)
gave the desired product (6.26 g, 80%) as a white solid. Rf =0.55 (hexanes/CH2Cl2 1:1);
Purity (HPLC): 99+%; 1H NMR (500 MHz, CDCl3, 20 °C) δ: 0.88 (t, J = 7.1 Hz, 9H, r
+ w), 1.26 (bs, 48H, q + v), 1.48 (m, 6H, p + v), 1.76 (m, 2H, t), 1.81 (m, 4H, o), 2.14 (m,
2H, i), 2.66 (t, J = 7.7 Hz, 2H, b), 2.86 (t, J = 7.5 Hz, 2H, j), 2.98 (t, J = 7.9 Hz, 2H, c),
3.68 (s, 3H, a), 3.99 (t, J = 6.6 Hz, 2H, s), 4.02 (t, J = 6.5 Hz, 4H, n), 6.74 (s, 2H, m),
6.95 (d, J = 8.3 Hz, g), 7.23 - 7.26 (m, 4H, d + k), 7.46 - 7.50 (m, 6H, e + f + l) ppm; 13C
NMR (125 MHz, CDCl3, 20 °C) δ: 14.1, 22.7, 26.1, 26.2, 29.4 (x3), 29.5, 29.7 (x3), 29.8,
30.4, 30.6, 30.9, 31.8, 31.9 (x2), 35.7, 51.6, 67.0, 69.3, 73.5, 106.0, 114.8, 126.8, 127.0,
128.0, 128.6, 128.8, 133.5, 136.4, 138.0, 138.9 (x2), 139.2, 140.4, 153.4, 158.5, 173.3
ppm; MS (MALDI-TOF): m/z calcd for C67H102O6 1003.52, found: 1004.51. [M+H]+

3-(4'-(3-(3',4',5'-Tris(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4-yl)propan-1-ol
[(3,4,5BpPr-4BpPr)12G1-CH2OH] (18b): To a slurry of LiAlH4 (0.25 g, 6.50 mmol) in

THF (10.0 mL) at 0 °C was added a solution of compound 18a (3.26 g, 3.25 mmol) in
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THF (20.0 mL) dropwise via addition funnel. The reaction mixture was allowed to warm
to room temperature over 2h at which point TLC (CH2Cl2) showed the reaction to be
complete. The reaction mixture was recooled to 0 °C and quenched via slow sequential
addition of water (0.25 mL), 15% aqueous NaOH (0.25 mL), and water (0.75 mL). The
reaction mixture was allowed to stir for an additional 15 minutes. The reaction mixture
was filtered and the solids washed copiously with CH2Cl2. The filtrate was dried over
anhydrous MgSO4, filtered and concentrated. Recrystallization (acetone) afforded the
desired product (3.12 g, 99%) as a white solid. Rf = 0.12 (CH2Cl2). Purity (HPLC): 99+%;
1

H NMR (500 MHz, CDCl3, 20 °C) δ = 0.88 (t, J = 7.2 Hz, 9H, s + x), 1.26 (bs, 49H, a +

r + w), 1.48 (m, 4H, q + v), 1.76 (m, 2H, u), 1.82 (m, 4H, p), 1.94 (m, 2H, c), 2.14 (m, 2H,
j), 2.73 (t, J = 7.8 Hz, 2H, d), 2.86 (t, J = 7.7 Hz, 2H, k), 3.68 (t, J = 6.4 Hz, 2H, b), 3.99
(t, J = 6.7 Hz, 2H, t), 4.02 (m, 6H, i + o), 6.74 (s, 2H, n), 6.95 (d, J = 8.2 Hz, h), 7.23 (d,
J = 8.2 Hz, 2H, e or l), 7.26 (d, J = 8.2 Hz, 2H, e or l), 7.46 - 7.50 (m, 6H, f + g + m) ppm;
13

C NMR (125 MHz, CDCl3, 20 °C) δ: 14.1, 22.7, 26.1, 26.2, 29.3, 29.4, 29.5, 29.6 (x2),

29.7 (x3), 30.3, 30.4, 30.8, 31.7, 31.8, 31.9 (x3), 34.2, 62.3, 67.0, 69.3, 73.5, 106.0, 114.8,
126.7, 127.0, 127.9, 128.8 (x2), 133.6, 136.4, 137.9, 138.5, 139.2, 140.2, 140.4, 153.3,
158.5 ppm; MS(MALDI-TOF): m/z calcd for C66H102O5 975.51, found 975.02 [M]+.

4'-(3-(4'-(3-Bromopropyl)biphenyl-4-yloxy)propyl)-3,4,5-tris(dodecyloxy)biphenyl
[(3,4,5BpPr-4BpPr)12G1-CH2Br] (18c): To a stirring solution of compound 18b (2.44
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g, 2.50 mmol) in THF (75 mL) at 0 °C was added PPh3 (0.79g, 3.00 mmol). The reaction
mixture was allowed to stir at 0 °C for an additional 15 minutes. N-bromosuccinimide
(0.54g, 3.00 mmol) was added. The reaction mixture was allowed to warm to room
temperature over 3 h while stirring, at which point the reaction was shown to be complete
by TLC (CH2Cl2). The reaction mixture was precipitated in MeOH (500 mL). The
reaction mixture was filtered and the solids collected. The solids were redissolved in
CH2Cl2, dried over anhydrous MgSO4, and concentrated. Purification via column
chromatography (silica gel, hexanes/CH2Cl2 9:1) followed by recrystallization (acetone)
gave the desired product as a white solid (2.01 g, 77%). Rf = 0.86 (CH2Cl2) ; Purity
(HPLC): 99+%; 1H NMR (500 MHz, CDCl3, 20 °C) δ: 0.88 (t, J = 7.1 Hz, 9H, r + q),
1.26 (bs, 48H, q + v), 1.48 (m, 6H, p +u), 1.76 (m, 2H, o), 1.82 (m, 4H, t), 2.15 (m, 2H, j),
2.19 (m, 2H, b), 2.80 (t, J = 7.2 Hz, 2H,c), 2.86 (t, J = 7.7 Hz, 2H, j), 3.41 (t, J = 6.6 Hz,
2H, a), 3.99 (t, J = 6.6 Hz, 2H,), 4.02 (t, J = 6.6 Hs, 6H, h + s), 6.74 (s, 2H, m), 6.96 (d, J
= 8.1 Hz, g), 7.23 (d, J = 8.2 Hz, 2H, d or k), 7.26 (d, J = 8.3Hz, 2H, d or k), 7.46 - 7.50
(m, 6H, e +f + l) ppm; 13C NMR (125 MHz, CDCl3, 20 °C) δ: 14.1, 22.7, 26.1, 26.2, 29.4
(x3), 29.5, 29.7 (x3), 29.8, 30.4, 30.9, 31.8, 31.9 (x2), 33.0, 33.6, 34.2, 67.0, 69.3, 73.5,
106.0, 114.9, 126.7, 127.0, 128.0, 128.8, 128.9, 133.5, 136.4, 138.0, 138.8, 138.9, 139.2,
140.4, 153.4, 158.5 ppm; MS(MALDI-TOF): m/z calcd for C66H101BrO4 1038.41, found
1036.94. [M]+
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Methyl

3-(4'-(3-(3',4'-bis(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4-

yl)propanoate [(3,4BpPr-4BpPr)12G1-CO2CH3] (19a): A round bottom flask was

charged with compound 8b (1.63 g, 2.53 mmol), K2CO3 (1.04 g, 7.60 mmol), and DMF
(50 mL). The reaction mixture was sparged with N2 for 30 min at 70 °C. Compound 5a
(0.65 g, 2.53 mmol) was added and the reaction mixture was raised to 80 °C while
sparging. The sparging needles was roomed and the reaction mixture was allowed to stir
for an additional 15 h. The reaction mixture was cooled to room temperature and was
precipitated in water (300 mL). The reaction mixture was filtered and the solids collected.
The solids were redissolved in CH2Cl2, dried over anhydrous MgSO4, filtered, and
concentrated. Column chromatography (silica gel, CH2Cl2) followed by recrystallization
(acetone with minimal CH2Cl2) gave the desired product (1.48 g, 71%) as a white solid.
Rf =0.62 (CH2Cl2); Purity (HPLC): 99.9+%; 1H NMR (CDCl3, 500 MHz, 20 °C) δ: 0.88
(t, J = 7.0 Hz, 6H, t), 1.26 (bs, 32H, s), 1.48 (m, 4H, r), 1.85 (m, 4H, q), 2.14 (m, 2H, i),
2.65 (t, J = 7.4 Hz, b), 2.85 (t, J = 7.3 Hz, 2H, j), 2.98 (t, J = 7.4 Hz, 2H, c), 3.69 (s, 3H,
a), 4.04 (m, 6H, h + p), 6.95 (m, 3H, g + o), 7.11 (m, 2H, m + n), 7.27 (m, 4H, d + k ),
7.48 (m, 6h, e + f + l) ppm; 13C NMR (CDCl3, 125 MHz) δ: 14.1, 22.7, 26.1, 29.4 (x3),
29.6, 29.7, 30.6, 30.9, 31.8, 31.9, 35.7, 51.6, 67.0, 69.5 (x2), 113.3, 114.3, 114.9, 126.8
(x2), 128.0, 128.6, 128.9, 133.4, 134.2, 138.9 (x2), 140.0, 148.8, 149.4, 158.5, 173.3 ppm;
MS (MALDI-TOF): m/z calcd for C55H78O5: 819.20, found 819.27 [M]+.
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3-(4'-(3-(3',4'-Bis(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4-yl)propan-1-ol
[(3,4BpPr-4BpPr)12G1-CH2OH] (19b): To a slurry of LiAlH4 (0.13 g, 3.37 mmol) in

THF (5.0 mL) at 0 °C was added a solution of compound 19a (1.38 g, 1.69 mmol) in
THF (15.0 mL) dropwise via addition funnel. The reaction mixture was allowed to warm
to room temperature while stirring over 3 h, at which point TLC (CH2Cl2) showed
complete conversion. The reaction mixture was recooled to 0 °C and quenched via the
slow sequential addition of water (0.13 mL), 15% aqueous NaOH (0.13 mL), and water
(0.39 mL). The reaction mixture was allowed to stir for an additional 15 minutes. The
solids were filtered and the solids were washed copiously CH2Cl2. The filtrated was dried
over anhydrous MgSO4, filtered, and concentrated. Recrystallization (acetone with
minimal CH2Cl2) gave the desired product (1.28 g, 96%) as a white solid. Rf = 0.09
(CH2Cl2); Purity (HPLC): 99+%; 1H NMR (CDCl3, 500 MHz, 20 °C) δ = 0.88 (t, J = 7.0
Hz, 6H, u), 1.24 (t, J = 5.5 Hz, 1H, a), 1.26 (bs, 32H, t), 1.48 (m, 4H, s), 1.85 (m, 4H, r),
1.97 (m, 2H, c), 2.14 (m, 2H, j), 2.79 (t, J = 6.7 Hz, d), 2.85 (t, J = 7.3 Hz, 2H, k), 3.76 (q,
J = 6.2 Hz, 2H, b),4.04 (m, 6H, i + q), 6.95 (d, J = 7.9 Hz, 1H, p), 6.98 (d, J = 7.8 Hz, 2H,
h), 7.11 (m, 2H, n + o), 7.27 (m, 4H, e + l), 7.48 (m, 6H, f + g + m) ppm; 13C NMR (125
MHz, CDCl3, 20 °C) δ: 14.2, 22.8, 26.3, 29.5, 29.6 (x2), 29.8 (x2), 29.9, 31.0, 32.0, 32.1,
34.4, 62.5, 67.2, 69.7, 69.8, 113.6, 114.6, 115.0, 119.7, 126.9, 127.0, 128.1, 129.0 (x2),
133.8, 134.4, 138.7, 139.1, 140.2, 140.4, 149.0, 149.6, 158.7 ppm; MS (MALDI-TOF):
m/z calcd for C54H78O4: 791.19, found 791.72 [M+H]+.
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4'-(3-(4'-(3-bromopropyl)biphenyl-4-yloxy)propyl)-3,4-bis(dodecyloxy)biphenyl
[(3,4BpPr-4BpPr)12G1-CH2Br] (19c): To a stirring solution of compound 19b (1.18 g,

1.50 mmol) in THF (50 mL) at room temperature was added PPh3 (0.47 g, 1.79 mmol).
The reaction mixture was allowed to stir at room temperature for an addition 10 minutes,
followed by addition of N-bromosuccinimide (0.32 g, 1.79 mmol). The reaction mixture
was allowed to stir for 1 h at room temperature at which point the reaction was complete
according to TLC (CH2Cl2). The reaction mixture was precipitated in MeOH (100 mL),
filtered and the solids collected. The solids were redissolved in CH2Cl2, dried over
anhydrous MgSO4, filtered, and concentrated. Purification by column chromatography
(silica gel, CH2Cl2) afforded the desired product (1.05 g, 82%) as a white solid. Rf =0.81
(CH2Cl2); Purity (HPLC): 99.9+%; 1H NMR (500 MHz, CDCl3, 20 °C) δ: 0.88 (t, J = 7.1
Hz, 6H, t), 1.26 (bs, 32H, s), 1.48 (m, 4H, r), 1.85 (m, 4H, q), 2.14 (m, 2H, i), 2.21 (m,
2H, b), 2.81 (t, J = 7.4 Hz, c), 2.85 (t, J = 7.4 Hz, 2H, j), 3.44 (t, J = 6.6 Hz, 2H, a), 4.04
(m, 6H, h + p), 6.95 (d, J = 7.9 Hz, 1H, o), 6.98 (d, J = 7.8 Hz, 2H, g), 7.11 (m, 2H, m +
n), 7.28 (m, 4H, d + k), 7.48 (m, 6H, e + f + l) ppm; 13C NMR (125 MHz, CDCl3, 20 °C)
δ: 14.3, 22.8, 26.2, 29.5 (x2), 29.6, 29.8 (x3), 31.0, 31.9, 32.1, 33.3, 33.7, 34.3, 67.1, 69.5,
69.6, 113.2, 114.2, 114.9, 119.5, 126.9, 127.0, 128.1, 129.0, 129.1, 133.5, 134.2, 138.9,
139.0, 139.1, 140.1, 148.8, 149.4, 158.6 ppm; MS (MALDI-TOF): m/z calcd for
C54H77O3Br: 854.09, found 854.78 [M+H]+.
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Methyl

3-(4'-(3-(3',4',5'-tris(3-(4'-(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4-

yl)propoxy)biphenyl-4-yl)propanoate

[(4BpPr-3,4,5BpPr-4BpPr)12G1-CO2CH3]

(20a): A solution of compound 9c (2.0 g, 1.37 mmol) in DMF (70 mL) at 85 C was

sparged with N2 for 30 minutes. K2CO3 (0.60 g, 4.33 mmol) was added, followed by
compound 5a (0.37 g, 1.44 mmol). The sparging needle was removed and the reaction
mixture was allowed to stir at 85 C for an additional 17 h. The reaction mixture was
cooled to room temperature and precipitated in water (500 mL). The reaction mixture was
filtered and the solids were collected. The solids were redissolved in CH2Cl2, dried over
anhydrous MgSO4, filtered, and concentrated. Purification via column chromatography
(hexanes/CH2Cl2 1:1 gradient to 1:2) followed by recrystallization (acetone with minimal
CH2Cl2/THF) gave the desired product (1.78 g, 76 %) as a white solid. Rf = 0.15
(hexanes/CH2Cl2 1:2); Purity (HPLC): 99.9+%; 1H NMR (500 MHz, CDCl3, 20 C) δ:
0.88 (t, J = 7.0 Hz, y + k’), 1.26 (bs, 48H, x + j’), 1.42 - 1.48 (m, 6H, w + i’), 1.76 - 1.82
(m, 6H, v + h’), 2.20 - 2.12 (m, 8H, i + o + a’), 2.66 (t, J = 7.5 Hz, 2H, b), 2.85 (m, 6H, p
+ b’), 2.95 (t, J = 7.5 Hz, 2H, j), 2.98 (t, J = 7.6 Hz, 2H, c), 3.69 (s, 3H, a), 3.96 (t, J = 6.6
Hz, 2H, h), 3.98 (t, J = 6.6 Hz, 4H, u), 4.02 (t, J = 6.2 Hz, 2H, g’), 4.10 (t, J = 6.4 Hz, 4H,
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n), 4.16 (t, J = 6.7 Hz, 2H, z), 6.74 (s, 2H, m), 6.91 (d, J = 8.8 Hz, 2H, f’), 6.93 (d, J = 8.9
Hz, 4H, t), 6.96 (d, J = 8.8 Hz, 2H, g), 7.24 - 7.28 (m, 10H, d + k + q + c’), 7.41 - 7.48 (m,
18H, e + f + l + r + s + d’ + e’) ppm; 13C NMR (125 MHz, CDCl3, 20 C) δ: 14.1, 22.7,
26.1, 29.3, 29.4 (x3), 29.6 (x2), 29.7, 30.5, 30.8, 31.0, 31.8 (x2), 31.9, 32.0, 32.1, 35.7,
51.6, 66.9, 68.0, 68.1, 72.9, 105.8, 114.7 (x2), 114.7, 114.8, 126.6, 126.7, 126.8, 127.0,
127.9 (x2), 128.0, 128.7, 128.9 (x2), 133.3, 133.4, 136.6, 137.6, 138.3, 138.5, 138.9 (x2),
139.0, 139.9, 140.5, 140.6, 153.1, 158.5 (x2), 173.3 ppm; MS (MALDI-TOF): m/z calcd
for C112H144O9 1634.33, found 1656.55.

3-(4'-(3-(3',4',5'-Tris(3-(4'-(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4yl)propoxy)biphenyl-4-yl)propan-1-ol

[(4BpPr-3,4,5BpPr-4BpPr)12G1-CH2OH]

(20b): To a slurry of LiAlH4 (0.047 g, 1.23 mmol) in THF (10.0 mL) at 0 C was added a

solution of compound 20a (0.50 g, 0.31 mmol) in THF (30.0 mL) dropwise via addition
funnel. The reactiown mixture was allowed to warm to room temperature over 3 h. At
which point TLC (CH2Cl2/MeOH 95:5) showed the reaction to be complete. The reaction
mixture was recooled to 0 C and quenched via slow sequential addition of water (0.05
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mL), 15% aqueous NaOH (0.05 mL), and water (0.14 mL). The reaction mixture was
stirred for an additional 15 minutes. The reaction mixture was filtered and the solids were
washed copiously with CH2Cl2 and THF. The filtrated was dried over anhydrous MgSO4,
filtered and concentrated. Recrystallization (CH2Cl2) gave the desired product (0.41 g,
84 %) as a white solid. Rf = 0.49 (CH2Cl2/MeOH 95:5). Purity (HPLC): 99.9+%; 1H
NMR (500 MHz, CDCl3, CDCl3) δ = 0.88 (t, J = 7.0 Hz, z + l’), 1.20 (t, J = 7.0 Hz, 1H,
a ), 1.26 (bs, 48H, y + k’), 1.42 - 1.48 (m, 6H, x + j’), 1.76 - 1.82 (m, 6H, w + i’), 1.92 1.96 (m, 2H, c), 2.12 - 2.20 (m, 8H, j + p + b’), 2.75 (t, J = 8.0 Hz, 2H, d), 2.85 (m, 6H,
q + c’), 2.95 (t, J = 7.6 Hz, 2H, k), 3.72 (q, J = 6.3 Hz, 2H, b), 3.96 (t, J = 6.7 Hz, 2H, i),
3.98 (t, J = 6.6 Hz, 4H, v), 4.02 (t, J = 6.1 Hz, h’), 4.10 (t, J = 6.1 Hz, 4H, o), 4.16 (t, J =
6.1 Hz, a’), 6.75 (s, 2H, n), 6.90 (d, J = 8.8 Hz, 2H, g’), 6.93 (d, J = 8.9 Hz, 4H, u), 6.96
(d, J = 8.8 Hz, 2H, h), 7.24 - 7.28 (m, 10H, e + l + r + d’), 7.41 - 7.48 (m, 18H, f +g + m
+ s + t + e’ + f’) ppm; 13C NMR (125 MHz, CDCl3, 20 C) δ: 14.1, 22.7, 26.1, 29.3, 29.4
(x2), 29.6, 29.7 (x2), 30.8, 31.1, 31.7, 31.8 (x2), 31.9, 32.1, 32.2, 34.2, 62.3, 66.9, 68.1,
72.9, 105.8, 114.7 9 (x2), 114.7, 114.8, 126.6, 126.7, 127.0, 127.9 (x2), 128.0, 128.8,
128.9 (x2), 133.3, 133.4, 133.5, 136.6, 137.6, 138.3, 138.5, 138.5, 139.0, 139.9,140.3,
140.5, 140.6, 153.2, 158.4, 158.5, 158.6 ppm; MS (MALDI-TOF): m/z calcd for
C111H144O8 1606.32 Found: 1605.13 [M]+.
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Methyl

3-(4'-(3-(3',4'-bis(3-(4'-(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4-

yl)propoxy)biphenyl-4-yl)propanoate [(4BpPr-3,4BpPr-4BpPr)12G1-CO2CH3] (21a):

A stirring solution of compound 10c (3.89 g, 3.65 mmol) in DMF (140 mL) at 100 °C
was sparged with N2 for 30 minutes. K2CO3 (1.59 g, 11.5 mmol) was added, followed by
a sparged solution of compound 5a (0.98 g, 3.84 mmol) in DMF (20 mL) dropwise via
addition funnel. The sparging needle was removed and the reaction mixture was allowed
to stir at 100 °C for 17 h. The reaction mixture was cooled to room temperature and
precipitated in water (600 mL). The reaction mixture was filtered and the solids collected.
The solids were redissolved in CH2Cl2, dried over anhydrous MgSO4, filtered, and
concentrated. Purification via column chromatography (silica gel, hexanes/CH2Cl2 1:3
gradient to 0:1) followed by recrystallization (CH2Cl2) gave the desired product (2.95 g,
65 %) as a white solid. Rf = 0.27 (CH2Cl2); Purity (HPLC): 99+%; 1H NMR (500 MHz,
CDCl3, 20 C) δ = 0.88 (t, J = 7.0 Hz, 6H, z), 1.27 (bs, 32 H, y), 1.46 (m, 4H, x), 1.79 (m,
4H, w), 2.13 - 2.16 (m, 2H, i), 2.19 - 2.22 (m, 4H, q), 2.66 (t, J = 7.5 Hz, 2H, b), 2.85 (t, J
= 7.1 Hz, 2H, j), 2.90 (t, J = 7.2 Hz, 4H, r), 2.98 (t, J = 7.5 Hz, 2H, c), 3.69 (s, 3H, a),
3.98 ( 2 x t, J = 6.5 Hz, 4H, v), 4.03 (t, J = 6.2 Hz, 2H, h or p), 4.11 (t, J = 6.2 Hz, 2H, h
or p), 4.13 (t, J = 6.2 Hz, 2H, h or p), 6.92 - 6.99 (m, 7H, g + o + u), 7.10 - 7.12 (m, 2H,
m + n), 7.21 - 7.27 (m, 8H, d + k + r), 7.43 - 7.53 (m, 14H, e + f + l + s + t) ppm; 13C
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NMR (125 MHz, CDCl3, 20 C) δ = 14.3, 22.8, 26.2, 29.5, 29.6, 29.8 (x3), 30.7, 31.0,
31.2, 31.9, 32.0, 32.1, 35.8, 51.8, 67.2, 68.3, 68.6 (x2), 113.6, 114.7, 114.9, 115.0, 119.8,
126.9, 127.0, 128.0, 128.1 (x2), 128.8, 129.1 (x2), 133.6 (x2), 134.6, 138.7, 138.9, 139.1,
140.2, 140.3, 148.9, 149.5, 158.7, 158.8, 173.5 ppm; MS(MALDT-TOF): m/z calcd for
C85H107O7 1239.74, found 1238.79 [M]+.

3-(4'-(3-(3',4'-Bis(3-(4'-(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4yl)propoxy)biphenyl-4-yl)propan-1-ol [(4BpPr-3,4BpPr-4BpPr)12G1-CH2OH] (21b):

To a slurry of LiAlH4 (0.15 g, 3.84 mmol) in THF (15.0 mL) at 0 C was added a
solution of compound 21a (2.38 g, 1.92 mmol) in THF (50.0 mL) dropwise via addition
funnel. The reaction mixture was heated to 60 C and allowed to stir for an additional 15
h, at which point the reaction was complete by TLC (CH2Cl2/MeOH 95:5). The reaction
mixture was cooled to 0 C and quenched via the slow sequential addition of water (0.15
mL), 15% aqueous NaOH (0.15 mL), and water (0.45 mL). The reaction mixture was
allowed to stir for an additional 15 minutes. The reaction mixture was filtered and
washed the solids were washed copiously with CH2Cl2 and THF. The filtrate was dried
over anhydrous MgSO4, filtered and concentrated. Purification via recrystallization
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(acetone/CH2Cl2/THF 2:2:1) gave the desired product (1.81g, 78%) as a white solid. Rf =
0.58 (CH2Cl2/MeOH 95:5); Purity (HPLC): 99+%; 1H NMR (500 MHz, CDCl3, 20 C) δ:
0.88 (t, J = 7.0 Hz, 6H, b’), 1.25 (t, J = 5.2 Hz. 1H, a), 1.26 (s, 32H, a’), 1.48 (m, 4H, z),
1.81 (m, 4H, y), 1.94 (m, 2H, c), 2.14 (m, 2H, j), 2.20 (m, 4H, r), 2.75 (t, J = 7.9 Hz, 2H,
d), 2.85 (t, J = 8.1 Hz, 2H, k), 2.88 (d, J = 8.2 Hz, 4H, s), 3.71 (q, J = 6.4 Hz, 2H, b), 3.97
(t, J = 6.5 Hz, 2H, x). 3.98 (t, J = 6.5 Hz, 2H, x), 4.03 (t, J = 6.2 Hz, 2H, i), 4.10 (t, J =
6.4 Hz, 2H, o), 4.14 (t, J = 6.4 Hz, 2H, q), 6.88 - 6.95 (m, 9H, h + p + w), 7.10 - 7.12 (m,
2H, n + o), 7.24 - 7.27 (m, 8H, e + l + t), 7.44 - 7.51 (m, 14H, f + g + m + u + v) ppm;
13

C NMR (125 MHz, CDCl3, 20 C) δ: 14.1, 22.7, 26.1, 29.3, 29.4 (x2), 29.6 (x2), 29.7,

30.8, 31.0, 31.6, 31.8, 31.9, 34.2, 62.3, 66.9, 68.1, 68.3 (x2), 113.1, 114.2, 114.7, 114.8,
119.6, 126.7 (x2), 126.8, 127.9, 128.0, 128.8, 128.9, 133.3, 133.5, 134.1, 134.3, 138.5,
140.0, 140.1, 140.2, 148.5, 148.7, 149.2, 158.5; MS (MALDI-TOF): m/z calcd for
C84H106O6 1211.74, found 1211.19 [M]+.

Methyl

3-(4'-(3-(4'-(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4-yl)propanoate

[(4BpPr)212G0-CO2CH3] (22a): A stirring solution of compound 8a (3.75 g, 8.16 mmol)

in DMF (100 mL) at 60 C was sparged with N2 for 30 min. K2CO3 (2.68 g, 19.4 mmol)
was added, followed by compound 5a (1.99 g, 7.77 mmol). The reaction mixture was
heated to 85 C. The sparging needle was removed and the reaction mixture was allowed
to stir at 85 C for an additional 16 h. The reaction mixture was cooled to room
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temperature and precipitated in water (400 mL). The reaction mixture was filtered and the
solids collected. The solids were redissolved in CH2Cl2, dried over anhydrous MgSO4,
filtered, and concentrated. The solids were washed copiously with boiling acetone to
yield the desired produce the desired product (4.22 g, 86%) as a white solid. Rf =0.69
(CH2Cl2/MeOH 95:5); Purity (HPLC): 99.9+%; 1H NMR (500 MHz, CDCl3, 20 C) δ =
0.88 (t, J = 7.0 Hz, 3H, r), 1.27 (bs, 16H, q), 1.45 (m, 2H, p), 1.80 (m, 2H, o), 2.15 (m,
2H, i), 2.66 (t, J = 7.5 Hz, 2H, b), 2.86 (t, J = 7.6 Hz, 2H, j), 2.99 (t, J = 7.6 Hz, 2H, c),
3.69 (s, 3H, a), 3.99 (t, J = 6.6 Hz, 2H, n), 4.03 (t, J = 6.2 Hz, 2H, h), 6.96 (2  d, J = 8.7
Hz, 4H, g + m), 7.24 (d, J = 8.4 Hz, 2H, j), 7.28 (d, J = 8.4 Hz, 2H, d), 7.51 (m, 8H, e + f
+ k + l) ppm; 13C NMR (125 MHz, CDCl3, 20 C) δ: 14.1, 22.7, 26.0, 29.3 (x2), 29.4,
29.6 (x3), 30.5, 30.8, 31.7, 31.9, 35.7, 51.6, 67.0, 68.1, 114.7, 114.8, 126.7, 126.8, 127.9,
128.0, 128.6, 128.9, 133.4, 138.6, 138.9, 139.9, 158.5, 158.6, 173.4 ppm; MS (MALDITOF): m/z calcd for C43H54O4 634.89, found 657.42 [M+Na]+.

3-(4'-(3-(4'-(Dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4-yl)propan-1-ol
[(4BpPr)212G0-CH2OH] (22b): To a slurry of LiAlH4 (0.37 g, 9.71 mmol) in THF (25

mL) at room temperature was added a solution of compound 22a (4.11 g, 6.47 mmol) in
THF (150 mL) very slowly via addition funnel. The reaction mixture was stirred at room
temperature for an additional 3 h, at which point the reaction was complete by TLC
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(CH2Cl2/MeOH 95:5). The reaction mixture was carefully quenched at room temperature
via the very slow sequential addition of water (0.37 mL), 15% aqueous NaOH (0.37 mL),
and water (1.11 mL). The reaction mixture was stirred for additional 15 min. The reaction
mixture was filtered and the solids were washed copiously with THF. The filtrate was
dried over anhydrous MgSO4, filtered, and concentrated. The solids were washed
copiously with boiling acetone to give the desired product (1.95 g, 50 %) as a white solid.
Rf = 0.05 (CH2Cl2/MeOH 95:5); +%; 1H NMR (500 MHz, CDCl3, 20 C) δ: 0.88 (t, J =
7.0 Hz, 3H, s), 1.22 (t, J = 5.4 Hz, 1H, a), 1.27 (bs, 16H, r), 1.45 (m, 2H, q), 1.80 (m, 2H,
p), 1.94 (m, 2H, c), 2.15 (m, 2H, j), 2.74 (t, J = 7.7 Hz, 2H, d), 2.86 (t, J = 7.6 Hz, 2H, k),
3.71 (q, J = 6.3 Hz, 2H, a), 3.99 (t, J = 6.6 Hz, 2H, o), 4.04 (t, J = 6.3 Hz, 2H, i), 6.96 (2
 d, J = 8.8 Hz, 4H, h + n), 7.24 (d, J = 8.4 Hz, 2H, k), 7.28 (d, J = 8.4 Hz, 2H, e), 7.49

(m, 8H, f + g + l + m) ppm; 13C NMR (125 MHz, CDCl3, 20 C) δ: 14.1, 26.1, 29.3 (x2),
29.4, 29.6 (x3), 29.7, 30.1, 30.7, 31.7 (x2), 31.9, 62.4, 68.1, 114.8 (x2), 126.7, 127.9,
128.0, 128.9, 133.5, 139.0, 140.1, 158.5 ppm, MS (MALDI-TOF): m/z calcd for
C43H54O4Na 606.86, found 630.07 [M+Na]+.
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Methyl 3-(3',4'-bis(3-(4'-(3-(3',4'-bis(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4yl)propoxy)biphenyl-4-yl)propanoate

[(3,4BpPr-4BpPr-3,4BpPr)12G2-CO2CH3]

(23a): A solution of compound 19 (0.50 g, 0.59 mmol) in DMF (50 mL) at 70 °C was

sparged with N2 for 30 min. K2CO3 (0.12 g, 0.84 mmol) was added followed by
compound 5b (0.076 g, 0.28 mmol). The reaction mixture was heated to 80 °C and the
sparging needle was removed. The reaction mixture was allowed to stir for an additional
15 h. The reaction mixture was cooled to room temperature and precipitated with water
(200 mL). The mixture was filtered and the solids collected. The solids were redissolved
in CH2Cl2, dried over anhydrous MgSO4, filtered and concentrated. Purification by
column chromatography (silica gel, CH2Cl2) followed by recrystallization (acetone and
minimal CH2Cl2) gave the desired product (0.41 g, 81%) as a white solid. Rf = 0.42
(CH2Cl2); Purity (HPLC): 99+%; 1H NMR (500 Mhz, CDCl3, 20 °C) δ: 0.88 (t, J = 7.1
Hz, 12H, b’), 1.26 (bs, 64H, a’), 1.48 (m, 8H, z), 1.84 (m, 8H, y), 2.14 (m, 4H, j or q),
2.21 (m, 4H, j or q), 2.66 (t, J = 8.3 Hz, 2H, b), 2.84 (t, J = 7.4 Hz, 4H, k or r), 2.90 (t, J =
7.4 Hz, 4H, k or r), 2.98 (t, J = 7.8Hz, 2H, c), 3.65 (s, 3H, a), 4.06 (m, 12H, p + x), 4.11
(m, 4H, i), 6.92 (d, J = 7.9 Hz, 3H, h + w), 6.96 (d, J = 7.8 Hz, 4H, o), 7.11 (m, 6H, u + v
+ f + g), 7.23 (d, J = 8.1Hz, 2H, d), 7.27 (m, 8H, l + s ), 7.47 (m, 14h, e + m + n + t) ppm;
13

C NMR (125 MHz, CDCl3, 20 °C) δ = 14.1, 22.7, 26.1, 29.4 (x3), 29.5, 29.7 (x3), 30.6,

30.9, 31.0, 31.8, 31.9, 35.7, 51.6, 67.0, 68.4, 68.5 (x2), 69.6, 113.3, 113.4, 114.3, 114.5,
114.8, 119.5, 119.7, 126.7, 126.8, 126.9, 128.0, 128.6, 128.9 (x2), 133.6, 134.2, 134.3,
138.5, 138.9, 139.1 (x2), 140.1, 148.8 (x2), 149.3,149.4, 158.5, 173.3 ppm; MS
(MALDI-TOF): m/z calcd for C124H168O10: 1818.65, found: 1819.24 [M+H]+.
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3-(3',4'-bis(3-(4'-(3-(3',4'-bis(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4yl)propoxy)biphenyl-4-yl)propan-1-ol

[(3,4BpPr-4BpPr-3,4BpPr)12G2-CH2OH]

(23b): To a slurry of LiAlH4 (0.013 g, 0.33 mmol) in THF (5.0 mL) at 0 °C was added a

solution of compound 23a (0.30 g, 0.17 mmol) in THF (15.0 mL) dropwise via addition
funnel. The reaction mixture was allowed to warm to room temperature over 2h at which
point TLC (CH2Cl2) showed complete conversion. The reaction mixture was recooled to
0 °C and quenched via slow sequential addition of water (13 μL), 15% aqueous NaOH
(13 μL), and water (39 μL). The reaction mixture was allowed to stir for an additional 15
minutes. The reaction mixture was filtered and the solids washed copiously with CH2Cl2.
The filtrate was dried over anhydrous MgSO4, filtered, and concentrated. Purification via
recrystallization (acetone with minimal CH2Cl2) gave the desired product (0.24 g, 81%)
as a white solid. Rf = 0.04 (CH2Cl2); Purity (HPLC): 99.9+%; 1H NMR (500 Mhz,
CDCl3, 20 °C) δ: 0.88 (t, J = 7.1 Hz, 12H, c’), 1.23 (t, J = 5.2 Hz, 1H, a), 1.26 (bs, 64H,
b’), 1.48 (m, 8H, a’), 1.84 (m,8H, z), 1.95 (m, 2H, c), 2.14 (m, 4H, k or r ), 2.21 (m, 4H, k
or r), 2.74 (t, J = 7.1 Hz, 2H, d), 2.84 (t, J = 7.4 Hz, 4H, l or s), 2.90 (t, J = 7.4 Hz, 4H, l
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or s), 3.69 (q, J = 6.3 Hz, 2H, b), 4.06 (m, 12H, q + y), 4.11 (m, 4H, j), 6.92 (d, J = 7.9
Hz, 3H, i + x), 6.96 (d, J = 7.8 Hz, 4H, p), 7.11 (m, 6H, g + h + v + w), 7.23 (d, J = 8.1Hz,
2H, e), 7.27 (m, 8H, m + t), 7.47 (m, 14H, f + n + o + u) ppm;

13

C NMR (125 MHz,

CDCl3, 20 °C) δ; 14.1, 22.7, 26.1, 29.4 (x3), 29.6, 29.7, 30.9, 31.0, 31.7, 31.8, 31.9, 34.2,
62.3, 67.0, 68.4 (x2), 69.5 (x2), 113.3, 113.4, 114.3, 114.5, 114.8, 119.5, 119.7, 126.7,
126.8 (x2), 127.9, 128.8 (x2), 128.9, 133.6, 134.2, 134.4, 138.5, 138.6, 138.8, 140.0,
140.4, 148.7, 148.8, 149.3, 149.4, 158.5 ppm; MS (MALDI-TOF): m/z calcd for
C123H168O9: 1790.64, found: 1813.89 [M+Na]+.
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Methyl

3-(4'-(3-(4'-(3-(3',4',5'-tris(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4-

yl)propoxy)biphenyl-4-yl)propanoate [(3,4,5BpPr-(4BpPr)2)12G1-CO2CH3] (24a): A

solution of compound 18c (1.68 g, 1.62 mmol) in DMF (75 mL) at 65 °C was sparged
with N2 for 30 minutes. K2CO3 (0.67 g, 4.85 mmol) was added, followed by compound
5a (0.44 g, 1.70 mmol) The reaction mixture was heated to 85 °C and the sparging needle

was removed. The reaction mixture was allowed to stir at 85 °C for an additional 15 h.
The reaction mixture was cooled to room temperature and precipitated in water (500 mL).
The reaction mixture was filtered and the solids collected. The solids were redissolved in
CH2Cl2, dried over anhydrous MgSO4, filtered, and concentrated. Purification via column
chromatography (silica gel, hexanes/CH2Cl2 1:3) followed by recrystallization (acetone
with minimal CH2Cl2) gave the desired product (1.52g, 78%) as a white solid. Rf = 0.20
(hexanes/CH2Cl2 1:3); Purity (HPLC): 99+%; 1H NMR (500 MHz, CDCl3, 20 °C) δ:
0.88 (t, J = 7.0 Hz, 9H, y + d’), 1.26 (bs, 48H, x + c’), 1.48 (m, 6H, w + b’), 1.76 (m, 2H,
a’), 1.82 (m, 4H, v), 2.15 (m, 4H, i + p), 2.66 (t, J = 7.66 Hz, 2H, b), 2.85 (m, 4H, j + q),
2.98 (t, J = 7.9 Hz, 2H, c), d 3.68 (s, 3H, a), 3.99 (t, J = 6.7 Hz, 2H, z), 4.03 (m, 8H, h + o
+u), 6.74 (s, 2H, t), 6.96 (d, J = 8.1 Hz, 4H, g + n), 7.23 - 7.27 (m, 6H, d + k + r), 7.46 7.50 (m, 10H, s + e + f + l +m). ppm; 13C NMR (125 MHz, CDCl3, 20 °C) δ: 14.1, 22.7,
26.1, 26.2, 29.4 (x3), 29.5, 29.6, 29.7, 29.8, 30.4, 30.6, 30.9, 31.8, 31.9, 35.7, 51.6, 67.0
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(x2), 69.3, 73.5, 106.0, 114.8, 126.7, 126.8, 127.0, 1278.0, 128.6, 128.8, 128.9, 133.4,
133.6, 136.4, 138.0, 138.6, 138.9, 139.2, 140.1, 140.4, 153.3, 158.5 (x2), 173.3 ppm; MS
(MALDI-TOF): m/z calcd for C82H116O7 1213.79, found 1212.78 [M]+

3-(4'-(3-(4'-(3-(3',4',5'-tris(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4yl)propoxy)biphenyl-4-yl)propan-1-ol [(3,4,5BpPr-(4BpPr)2)12G1-CH2OH] (24b):

To a slurry of LiAlH4 (0.038 g, 0.99 mmol) in THF (5.0 mL) at 0 °C was added a
solution of compound 24a (0.60 g, 0.50 mmol) in THF (5.0 mL) dropwise via addition
funnel. The reaction mixture was allowed to warm to room temperature over 2h while
stirring at which point TLC (hexanes/CH2Cl2 1:3) showed the reaction to be complete.
The reaction mixture was recooled to 0 °C and quenched via the slow sequential addition
of water (38 μL), 15% aqueous NaOH (38 μL), and water (114 μL). The reaction mixture
was allowed to stir for an additional 15 minutes. The reaction mixture was filtered and
the solids were washed copiously with CH2Cl2. The filtrate was dried over anhydrous
MgSO4, filtered, and concentrated. Purification via column chromatography (silica gel,
CH2Cl2/MeOH 95:5) gave the desired product (0.54 g, 92%) as a white solid. Rf = 0.53
(CH2Cl2/MeOH 95:5); Purity (HPLC): 99+%;

1

H NMR (500 MHz, CDCl3, 20 °C) δ:

0.88 (t, J = 7.1 Hz, 9H, z + e’), 1.27 (bs, 49H, a + y + d’), 1.48 (m, 6H, x + c’), 1.78 (m,
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2H, a’), 1.81 (m, 4H, v), 1.88 (m, 2H, c), 2.12 (m, 4H, j + q), 2.70 (t, J = 7.9 Hz, 2H, d),
2.81 - 2.85 (m, 4H, k + r), 3.65 (t, J = 6.4 Hz, 2H, b), 3.97 - 4.03 (m, 10H, i + p + v + a’),
6.74 (s, 2H, u), 6.96 (m, 4H, h + o), 7.23 - 7.27 (m, 6H, e + l + s), 7.46 - 7.50 (m, 10H, f
+ g + m + n + t) ppm; 13C NMR (125 MHz, CDCl3, 20 °C) δ: 14.1, 22.6, 26.1 (x2), 29.3
(x2), 29.4, 29.5, 29.6 (x2), 29.7 (x3), 30.4, 30.8, 31.6, 31.7, 31.9 (x2), 34.1, 62.1, 66.9
(x2), 69.2, 73.5, 105.9, 114.8, 126.6 (x2), 127.0 (x2), 127.9, 128.7, 128.8 (x2), 133.5,
136.4, 137.9, 138.4, 138.5, 139.2, 139.9, 140.2, 140.3, 153.3, 158.4 ppm; MS(MALDITOF): m/z calcd for C81H116O6 1185.78, found 1184.92 [M+H]+.

Methyl

3-(4'-(3-(4'-(3-(3',4'-bis(dodecyloxy)biphenyl-4-yl)propoxy)biphenyl-4-

yl)propoxy)biphenyl-4-yl)propanoate [(3,4BpPr-(4BpPr)2)12G1-CO2CH3] (25): A

stirring solution of compound 19c (0.40 g, 0.47 mmol) in DMF (25 mL) at 70 °C was
sparged with N2 for 30 min, followed by addition of K2CO3 (0.19 g, 1.41 mmol), and
then compound 5a (0.12 g, 0.47 mmol). The reaction mixture was heated to 80 °C, the
sparging needle was removed, and the reaction mixture was allowed to stir for an
additional 15 h. The reaction mixture was cooled to room temperature and precipitated in
water (200 mL). The reaction mixture was filtered and the solids collected. The solids
were redissolved in CH2Cl2, dried over anhydrous MgSO4, and concentrated. Purification
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by recrystallization (acetone with minimal CH2Cl2) gave the desired product (0.38 g, 79%)
as a white solid. Purity (HPLC): 99.9+%; 1H NMR (500 MHz, CDCl3, 20 °C) δ = 0.88 (t,
J = 7.1 Hz, 6H, z), 1.26 (bs, 32H, y), 1.84 (m, 4H, x), 1.48 (m, 4H, w), 2.17 (m, 4H, i +
p), 2.66 (t, J = 7.7 Hz, 2H, b), 2.86 (t, J = 7.9 Hz, 4H, j + q), 2.98 (t, J = 7.7 Hz, 2H, c),
3.74 (s, 3H, a), 4.11 (m, 8H, h + o + v), 6.92 (d, J = 7.8 Hz, 1H, u), 6.96 (d, J = 7.7 Hz,
4H, g+ n), 7.12 (m, 2H, s + t), 7.23 (d, J = 8.1 Hz, 2H, q), 7.27 (m, 4H, d + k), 7.50 (m,
10H, e + f + l + r) ppm; 13C NMR (125 MHz, CDCl3, 20 °C) δ = 14.1, 22.7, 26.1, 29.4,
29.5, 29.7 (x2), 30.6, 30.9, 31.8, 31.9, 35.7, 51.6, 67.0, 69.4, 69.5, 113.1, 114.2, 114.8,
119.4, 126.7, 126.8 (x2), 128.0, 128.7, 128.9 (x2), 133.4, 133.5, 134.1, 138.6, 138.9,
139.9, 140.0, 148.7, 149.3, 158.5 (x2), 173.4 ppm.; MS (MALDI-TOF): m/z calcd for
C70H92O6: 1029.48, found 1029.13 [M]+.
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5.4.4 DSC Traces
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5.4.5 Thermal Transitions, Enthalpy Changes, and Phases Exhibited by
Supramolecular Dendrimers
Supporting Table 5.ST1 - Thermal Transitions, Enthalpy Changes, and Phases Exhibited
by Supramolecular Dendrimers Generated from Previously Reported Self-Assembling
Dendrons
Dendron
MWt
(3,4BpPr)12G1-CO2CH3 608.9
(3,4BpPr)12G1-CH2OH

580.9

(3,4BpPr-3,4,5BpPr)
12G2-CO2CH3
(3,4BpPr-3,4,5BpPr)
12G2-CH2OH
(3,4BpPr-(3,4,5BpPr)2)
12G3-CO2CH3
(3,4BpPr-(3,4,5BpPr)2)
12G3-CH2OH
(3,4BpPr)212G2-CO2CH3

1977.0
1949.0
6081.3
6053.7
1398.1

(3,4BpPr)212G2-CH2OH 1370.1
(3,4BpPr)312G3-CO2CH3 2976.5
(3,4BpPr)312G3-CH2OH 2948.5

Thermal transitions (ºC) and corresponding enthalpy changes (kcal/mol)a
heating
cooling
i 62 (15.88) Lam(k, bilayer)
Lam(k, bilayer) 75 (16.74) i
Lam(k, bilayer) 74 (16.90) i
i 78 (18.46) Lam(k, bilayer)
Lam(k, bilayer) 86 (18.47) i
Lam(k, bilayer) 86 (18.61) i
i 100 (8.30) Cub 16 (4.22) Cub (k)
Cub (k) 60 (16.52) 61(1.77) Cub 101 (7.51) i
Cub (k) 39 (-6.72) 58 (6.06) Cub 101 (7.53) i
i 128 (7.52) Cub 60 Cub (g)
Cub (k) 67 (15.29) Cub 129 (7.18) i
Cub (g) 65 (0.66) Cub 129 (7.18)
i 154 (8.33) Cub 63 Cub (g)
Cub (k) 63 (17.26) Cub 156 (12.05) i
Cub (g) 63 Cub 156 (12.59) i
i 168 (16.70) Cub 66 Cub (g)
Cub (k) 67 (48.89) Cub 169 (16.14) i
Cub(g) 66 Cub 169 (15.86) i
k
i 121 (7.57) Cub 32 (4.62) r-ck
r-c 50 (2.86) r-c 85 (10.01) Cub 123 (7.50) i
k
r-c 46 (0.31) r-c 83 (4.12) Cub 121 (7.57)
Lam(k, bilayer) 47 (6.04) r-c io 74 (2.63) Cub 149 (18.13) i i 147 (18.43) Cub 29 (4.73)
r-c io
r-c io 41 (3.80) Cub 149 (17.84) i
Cub 185 (14.36) i
i 184 (14.25) Cub
Cub 185 (14.22) i
Cub 196 (12.74) i
i 195 (13.81) Cub
Cub 196 (13.17) i

a
Thermal transitions (ºC) and enthalpy changes (kcal/mol) were determined by DSC (10 ºC/min), data from the first
heating and cooling scans are on the first line, and the data from the second heating are on the second line; S(bilayer) =
smectic bilayer lattice; Lam(k,bilayer) = lamellar crystal with two layer repeat; r-c = c2mm centered rectangular

columnar lattice; r-ck =

crystalline c2mm centered rectangular columnar lattice; r-cio =

columnar lattice with internal order; Cub =

cubic lattice; Cub(k) = crystalline

c2mm centered rectangular
cubic lattice; Cub(g) = glassy

cubic lattice; i = isotropic.
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Supporting Table 5.ST2 - Thermal Transitions, Enthalpy Changes, and Phases
Exhibited by Supramolecular Dendrimers Generated by Novel Self-Assembling
Dendrons
Dendron
(3,4BpPr-3,4,5BpPr-3,4BpPr)
12G3-CO2CH3
(3,4BpPr-3,4,5BpPr-3,4BpPr)
12G3-CH2OH
(3,4BpPr-3,4,5BpPr-4BpPr)
12G2-CO2CH3
(3,4BpPr-3,4,5BpPr-4BpPr)
12G2-CH2OH
(4BpPr)212G0-CO2CH3

(4BpPr)212G0-CH2OH

(3,4BpPr-4BpPr)12G1CO2CH3
(3,4BpPr-4BpPr)12G1CH2OH
(3,4BpPr-4BpPr-3,4BpPr)
12G2-CO2CH3
(3,4BpPr-4BpPr-3,4BpPr)
12G2-CH2OH
(3,4BpPr-(4BpPr)2)
12G1-CO2CH3
a

Thermal transitions (ºC) and corresponding enthalpy changes (kcal/mol)a
MWt
heating
cooling
4134.3 Cub 12 (0.37) Cub 61 (19.75) Cub 144 (9.00) i i 143 (12.66) Cub 7 (0.40) Cub
Cub 13 (0.31) Cub 144 (10.31) i
4106.3 Cub -6 (1.99) Cub 42 (0.47) Cub 156 (7.78) i i 154 (10.62) Cub 22 (0.19) Cub -11 (1.6) Cub
Cub -6 (2.05) Cub 40 (0.26) Cub 155 (7.46) i
2186.6 Cub 75 (28.19) Cub 98 (9.34) Cub 110 i
i 106 95 (10.14) Cub 29 (5.87) Cub
Cub 28 (5.13) Cub 98 (10.13) 104 i
2158.6 x 65 (18.63) BCC 128 (7.44) i
i 127 (8.13) BCC 30 (2.66) x
x 39 (3.62) BCC 128 (7.98) i
648.9 Lam(k, bilayer) 135 (3.05) Lam(k, bilayer) 168 (9.01) i 207 ( 7.96) Lam(k) 144 (8.56) Lam(k, bilayer)
Lam(k) 209 (8.33) i
124 (2.27) Lam(k, bilayer)
Lam(k, bilayer) 125 (2.90) Lam(k, bilayer)168 (8.95)
Lam(k,) 209 (7.97) i
620.9 Lam(k, bilayer) 135 (0.95) Lam(k, bilayer) 154 (0.50) i 204 (5.09) Lam(k) 192 (7.11) Lam(k, bilayer)
135 (2.44) Lam(k, bilayer)
Lam(k, bilayer) 196 (7.44) Lam(k) 205 (5.23) i
Lam(k, bilayer) 151 (1.52) Lam(k, bilayer) 196 (7.15)
Lam(k) 205 (5.03) i
819.2 Lam(k) 100 (4.18) Lam(k) 108 (10.85) Lam(k)
i 126 (3.16) Lam(k) 97 (12.31) Lam(k)
127 (3.16) i
Lam(k)97 (1.10) Lam(k) 108 (13.82) Lam(k) 127
(3.12) i
791.2 Lam(k) 100 (6.33) Lam(k) 126 (22.93) Cubtri 139 i 138 (6.07) Cubtri 109 (14.90) Lam(k)
(5.95) i
Lam(k) 125 (13.56) Cubtri 139 (6.01) i
1818.7 r-c 94 (9.61) 102 (3.71) r-c 144 (0.53) Cub
i 203 (11.14) Cub r-c 65 (10.16) r-c
203 (11.13) i
r-c 102 (8.52) r-c 144 (0.27) Cub 203
(11.09) i
1790.6 x 105 (8.73) h Tet 215 (12.39) i
i 215 (12.69) Tet h 67 (6.70) x
x 105 (6.21) h Tet 215 (12.44) i
1003.5 r-c 43 (1.33) Lam(k, bilayer) 96 (3.51) Lam(k,
i 211 (5.91) Lam(k, bilayer) 137 (6.70)
Lam(k, bilayer)
bilayer)158 (9.22) Lam(k, bilayer) 212 (8.00) i
Lam(k, bilayer) 152 (2.15) 158 (4.35) Lam(k, bilayer)
212 (5.91) i

Thermal transitions (ºC) and enthalpy changes (kcal/mol) were determined by DSC (10 ºC/min), data from the first
heating and cooling scans are on the first line, and the data from the second heating are on the second line; Lam(k,bilayer)
= lamellar crystal; Lam(k,bilayer) = lamellar crystal with two layer repeat; r-s = p2mm simple columnar lattice; r-c
= c2mm centered rectangular columnar lattice; h = p6mm hexagonal columnar lattice; hio = p6mm hexagonal
columnar lattice with internal order; h3D = 3D p6mm hexagonal columnar lattice with; h3D-SL = p6mm hexagonal
columnar super-lattice; Tet = Tetragonal; Cub =

cubic lattice; Cubbi = gyroid bicontinuous cubic lattice with

Ia3d symmetry; Cubtri = triply continuous cubic lattice with Im 3m( l ) symmetry; BCC = Im 3m body-centered cubic
lattice; i = isotropic.
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Supporting Table 5.ST3 - Thermal Transitions, Enthalpy Changes, and Phases
Exhibited by Supramolecular Dendrimers Generated by Novel Self-Assembling
Dendrons

Thermal transitions (ºC) and corresponding enthalpy changes (kcal/mol)a
MWt
heating
cooling
1608.4 Lam(k) 101 (26.30) h3D-SL 126 (0.87) Cubtri
i 157 (7.41) Cubtri 118 (1.36) h3D-SL h 55 (8.86)
159 (6.72) i
hio
io
3D-SL
127 (1.00)
h 34 (1.54) h 85 (12.14) h
Cubtri 151 158(6.63) i
2
3D-SL
(3,4BpPr) -4BpPr)
1580.4 h 87 (8.48) h
i 169 (9.40) h3D-SL h 26 (2.23) h
170 (9.22) i
3D-SL
12G2-CH2OH
i
h 33 (3.21) h 86 (9.41) h
(4BpPr-3,4,5BpPr-4BpPr) 1634.3 Lam(k) 77 (1.54) Lam(k) 107 (1.21) Lam(k) 167 i 165 (5.64) Lam(k) 143 (10.43) Lam(k)
(18.76) i
12G1-CO2CH3
Lam(k) 98 (1.15) Lam(k) 167 (18.15) i
(4BpPr-3,4,5BpPr-4BpPr) 1606.3 r-s 108 (0.60) r-s 159 (22.64) i
i 154 (5.20) 140 (11.67) r-s 76 (0.83) r-s 34
12G1-CH2OH
r-s 41 (1.07) r-s 83 (0.69) r-s 159 (24.00)
(1.88) r-s
1239.7 17 (0.42) Lam(k) 138 (2.19) Lam(k) 154 (12.75) i 215 (6.13) Lam(k) 136 (2.45) Lam(k) 10 (0.39)
(4BpPr-3,4BpPrLam(k) 215 (5.92) i
Lam(k)
4BpPr)12G1-CO2CH3
Lam(k) 17 (0.42) Lam(k) 120 (-4.92) Lam(k) 154
(12.97) Lam(k) 215 (5.72) i
(4BpPr-3,4BpPr-4BpPr) 1211.7 Lam(k) 144 (7.09) Lam(k) 162 (7.18) Lam(k) 208 i 215 (4.77) r-s 199 (0.46) r-s 138 (6.97) r-s 59
12G1-CH2OH
(1.74) Lam(k) 215 (5.34) i
(2.21) r-s
r-s 87 (2.39) r-s 132 (0.77) r-s 162 (7.41)
r-s 207 (1.74) r-s 215 (7.08) i
(3,4,5BpPr-4BpPr)
i 48 (0.97) Lam(k) 35 (12.87) Lam(k)
1029.5 Lam(k) 76 (18.31) i
12G1-CO2CH3
Lam(k) 76 (19.06) i
3D
3D-SL
1001.5 h 45 (4.51) 53 (6.76) h
(3,4,5BpPr-4BpPr)
84 (3.06) i
i 83 (3.10) h3D-SL h3D 11 (5.71) h3D
3D
3D
3D-SL
12G1-CH2OH
84
h 20 (6.29) h 53 (2.14) h
(2.92) i
2
(3,4,5BpPr-(4BpPr))
i 163 (3.33) Cubbi Lam(k) 72 (8.46) Lam(k)
1213.8 Lam(k) 108 (12.81) Cubbi 165(3.33) i
12G2-CO2CH3
Lam(k) 83 (-3.07) Lam(k) 105 (7.88) Cubbi 165
(3.36) i
(3,4,5BpPr-(4BpPr)2)
1195.8 k 87 (5.90) h 126 (0.77) Cubbi 165 (4.30) i
i 162 (4.93) Cubbi h 62 (5.21) k
12G2-CH2OH
k 88 94.94) h 126 (0.75) Cubbi 165 (4.45) i
Dendron
(3,4BpPr)2-4BpPr)
12G2-CO2CH3

a

Thermal transitions (ºC) and enthalpy changes (kcal/mol) were determined by DSC (10 ºC/min), data from the first
heating and cooling scans are on the first line, and the data from the second heating are on the second line; Lam(k,bilayer)
= lamellar crystal; Lam(k,bilayer) = lamellar crystal with two layer repeat; r-s = p2mm simple columnar lattice; r-c
= c2mm centered rectangular columnar lattice; h = p6mm hexagonal columnar lattice; hio = p6mm hexagonal
columnar lattice with internal order; h3D = 3D p6mm hexagonal columnar lattice with; h3D-SL = p6mm hexagonal
columnar super-lattice; Tet = Tetragonal ; Cub =

cubic lattice; Cubbi = gyroid bicontinuous cubic lattice with

Ia3d symmetry; Cubtri = triply continuous cubic lattice with

Im 3m( l ) symmetry; BCC = Im 3m body-centered cubic

lattice; i = isotropic.
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5.4.6 Measured d-spacing
Supporting Table 5.ST4- Measured d-spacing (in Å) of the, Lam(k, bilayer), Pm 3n Cubic
(Cub), and c2mm Centered rectangular columnar lattice (r-c) of the supramolecular
dendrimer generated from previously reported self-assembling dendrons.
Dendron

T
(oC)

(3,4BpPr)12G1-CO2CH3

30

(3,4BpPr)12G1-CH2OH
(3,4BpPr-3,4,5BpPr)
12G2- CO2CH3
(3,4BpPr-3,4,5BpPr)
12G2-CH2OH
(3,4BpPr-(3,4,5BpPr)2 )
12G3- CO2CH3

LC
phase

Space
group

d-spacing (Å) and their indices
a

d001
d200b
d11c

d002
d210
d20

d003
d211
d02

Lam(k, bilayer)f

49.4a

24.6

16.5

30
80

Lam(k, bilayer)f
Cub

Pm3n

48.6a
71.9b

24.1
64.3

115

Cub

Pm3n

67.9b

140
30

Cub
Cub(g)

(3,4BpPr-(3,4,5BpPr)2 )
12G3-CH2OH

130
35

Cub
Cub(g)

(3,4BpPr)212G2- CO2CH3

75
115
20
140
30
160

r-c
Cub
r-cio
Cub
Cub
Cub

Pm3n
Pm3n g
Pm3n
Pm3n g

30
170

Cub
Cub

(3,4BpPr)212G2-CH2OH
(3,4BpPr)312G3- CO2CH3
(3,4BpPr)212G3-CH2OH

c2mm

Pm3n
c2mm

Pm3n
Pm3n
Pm3n
Pm3n
Pm3n

d004
d220
d22

d310
d40

d321

d400

d420

16.1
58.7

50.8

45.4

38.5

36.0

32.2

60.8

55.5

48.0

42.9

36.3

33.9

30.3

69.8b
72.0b

62.3
64.3

57.0
58.8

49.3

44.1

38.4

34.8

31.2

69.3b
70b

62.3
62.8

56.8
57.1

37.3

34.8

82.7c
84.4b
85.4c
77.5b
83.4b
86.5b

72.9
75.4
65.7
69.7
74.8
77.3

49.8
69.0

41.2
59.5

36.4
53.2

45.1

42.1

63.6
68.3
70.6

54.9
59.1
61.2

49.0
52.8
54.6

41.4
44.6
46.2

38.8
41.9
43.2

37.3
38.5

81.3b
83.1b

72.6
74.8

66.6
68.3

57.3
59.1

51.4
52.8

43.4
44.7

40.6
41.9

36.3
37.2

a

lamellar crystal with two layer repeat (Lam(k,bilayer)); b simple rectangular columnar lattice p2mn (r-s) and crystal
simple rectangular columnar lattice p2mn (r-sk); d cubic lattice Pm3n (Cub), glassy cubic lattice Pm3n (Cub(g)) and
crystal cubic lattice Pm3n (Cub(k)); e centered rectangular columnar lattice c2mm (r-c) and crystal centered rectangular
columnar lattice c2mm (r-ck); f hexagonal columnar lattice p6mm (h) and hexagonal columnar lattice with internal
order (hio); g monotropic phase, indexed to hexagonal but the second peak was not observed; h phase observed only in
the first heating of the as prepared compound.
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Supporting Table 5.ST5 - Measured d-spacing (in Å) of the Lam(k), Lam(k, bilayer),
Pm 3n Cubic (Cub) lattices, c2mm centered rectangular columnar lattices (r-c), Im 3 m
Body-centered cubic lattices (BCC), p6mm hexagonal columnar lattices (h), Im 3m (l)
triply continuous body-centered cubic lattices (Cubtri), Tetragonal (Tet) exhibited by
supramolecular dendrimers generated from novel self-assembling dendrons.

Dendron

(3,4BpPr-3,4,5BpPr-3,4BpPr)
12G3-CO2CH3
(3,4BpPr-3,4,5BpPr-3,4BpPr)
12G3-CH2OH
(3,4BpPr-3,4,5BpPr-4BpPr)
12G2-CO2CH3
(3,4BpPr-3,4,5BpPr-4BpPr)
12G2-CH2OH
(4BpPr)212G0-CO2CH3

(4BpPr)212G0-CH2OH
(3,4BpPr-4BpPr)12G1CO2CH3
(3,4BpPr-4BpPr)12G1-CH2OH
(3,4BpPr-4BpPr-3,4BpPr)
12G2-CO2CH3
(3,4BpPr-4BpPr-3,4BpPr)
12G2-CH2OH
(3,4BpPr-(4BpPr)2)
12G1-CO2CH3
a

T
(oC)

-15
35
130
-15
25
140
45
90
25
100
25
110
180
30
180
200
25
105
120
25
130
100
190
35
155
200
30h
200
165
30

LC
phase

Cub
Cub
Cub
Cub
Cub
Cub
Cub
Cub
x
BCC
Lamk,bilayer
Lamk,bilayer
Lamk,bilayer
Lamk,bilayer
Lamk,bilayer
Lamk
Lamk
Lamk
Lamk
Lamk
Cubtri
r-c
Cub
x
h
Tetg
r-c
Lamk,bilayer
Lamk,bilayer
Lamk,bilayer

d-spacing (Å) and their indices
d004
d003
d211
d220
d310
d321
d02
d22
d40/04
d13
d211
d220
d310
d222
d20
d21
d420
d431/510
d330/411
d422
d210
d020
d220
d101
63.0
41.2
62.8
41.1
60.9
39.9
60.8
60.5
39.6
58.9
38.7
73.1
47.8
71.8
47.0

d001a
d200b
d11c
d110d
d10e
d321f
d010g
77.3b
77.0b
74.7b
74.2b
74.2b
72.6b
89.4b
88.0b

d002
d210
d20
d200
d11
d400
d200
69.0
68.8
66.8
66.6
66.3
64.8
79.9
78.8

71.7d
77.2a
77.3a
45.3a

50.8
38.4
38.5
22.6

41.3
25.6
25.7

35.8
19.2
19.2

37.5
36.5
22.1
32.2
22.9
23.5
32.0
60.9
90.1
123.7

25.0
24.3

18.7
18.2

Im3m (l)
c2mm
Pm3n

75.1a
72.9a
44.2a
64.9a
45.9a
47.1a
64.1a
65.2f
118.8c
138.7b

57.5
79.0
113.2

54.5

p6mm

71.1e

41.0

35.44

26.8

c2mm

80.8c
57.6a
62.2a
63.5a

58.7
28.8
31.1
31.7

Space
group

Pm3n
Pm3n
Pm3n
Pm3n
Pm3n
Pm3n
Pm3n
Pm3n
Im3m

d400
d51/d15
d321
d433/530
d111
38.5
38.4
37.3
37.0
36.2
44.7
44.0

32.1

29.3

27.0

49.8
45.0

47.9
50.5
73.8

41.8
35.1
69.2

21.5

40.4

27.9

21.8

Lamellar crystal (Lam(k) or lamellar crystal with two layer repeat (Lam(k,bilayer)); bcubic lattice Pm3n (Cub); ccentered
rectangular columnar lattice c2mm (r-c); dbody-centered cubic lattice Im3m (BCC); e hexagonal columnar lattice
p6mm (h); ftriply continuous body-centered cubic lattice Im3m (l) (Cubtri) g Tetragonal h phase observed only in the first
heating of the as prepared compound.
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Supporting Table 5.ST6 - Measured d-spacing (in Å) of the Lam(k), Lam(k, bilayer), p2mm
Simple rectangular columnar lattices (r-s), p6mm hexagonal columnar lattices (h), 3D
3D
p6mm hexagonal columnar lattices (h ), p6mm hexagonal columnar super-lattices
(h3D-SL), gyroid bicontinuous body-centered cubic lattices with Ia3d symmetry (Cubbi),
and triply continuous body-centered cubic lattices with Im3m (l) (Cubtri) exhibited by
supramolecular dendrimers generated from novel self-assembling dendrons.

Dendron

(3,4BpPr)2-4BpPr)
12G2-CO2CH3

(3,4BpPr)2-4BpPr)
12G2-CH2OH
(4BpPr-3,4,5BpPr-4BpPr)
12G1-CO2CH3
(4BpPr-3,4,5BpPr-4BpPr)
12G1-CH2OH
(4BpPr-3,4BpPr-4BpPr)
12G1-CO2CH3
(4BpPr-3,4BpPr-4BpPr)
12G1-CH2OH
(3,4,5BpPr-4BpPr)
12G1-CO2CH3
(3,4,5BpPr-4BpPr)
12G1-CH2OH
(3,4,5BpPr-(4BpPr))2
12G2-CO2CH3
(3,4,5BpPr-(4BpPr)2)
12G2-CH2OH
a

T
( C)

LC
phase

25
90
105
149
70
25
70
125
30
150
25h
35
25
165
25h
140h
30
180
25
55
40
85

Lamk
Lamk
h3D-SL
Cubtri
h
hio
h
h3D-SL
Lamk
Lamk
r-s
r-s
Lamk
Lamk
Lamk
Lamk
r-s
r-s
Lamk
Lamk
h3D
h3D-SL

30
90
140
110
140

Lamk
Lamk
Cubbi
h
Cubbi

o

d-spacing (Å) and their indices
d004
d003
d30
d02/20
d40
d13/31
d20
d21
d400
d332
d321
d420
d110
d200
d201
d002
d400
d420
d440
d211
d330/411
d420
d422
d431/510
20.9
20.5
39.9
30.2
47.0
50.4
47.9
43.6
41.9
39.7
30.0
39.3
29.7
36.90
27.9
38.0
28.7
21.9
44.9
17.5

d001a
d10b
d10c
d211d
d100e
d200f
d321g
62.8a
61.5a
79.9f
57.1g
79.5c
78.9c
73.9c
76.0f
52.8a
52.8a
102.4b

d002
d01
d11
d220
d101
d220
d400
31.4
30.7
46.2
53.4
45.8
45.4
42.7
43.9
26.3
26.3
52.8
28.5
26.3
24.5
34.0
40.9

p6mm
p6mm

57.1a
52.6a
49.1a
68.1a
71.4b
80.6b
54.2a
53.3a
59.4e
58.9f

27.0
26.6
37.1
33.9

18.0
17.8
34.2
29.4

29.6
22.2

Ia3d
p6mm
Ia3d

65.0a
61.8a
57.4d
77.8c
58.0d

32.4
30.8
49.7
45.0
50.1

21.6
20.6
37.6
39.1
37.9

16.2
15.4
35.2
29.5
35.4

Space
group

p6mm
Im3m (l)
p6mm
p6mm
p6mm
p6mm

p2mm
p2mm

p2mm
p2mm

34.2

26.3
52.4e

25.5
26.2

d11
d422
d210
d221
d433/530
39.3
36.7

37.4

17.3
17.6

22.7
36.5

49.5

25.2
(58.
4)

23.8
37.1

22.4
33.8

31.5

30.0

28.7

31.7

30.2

28.9

Lamellar crystal (Lam(k)) or lamellar crystal with two layer repeat (Lam(k,bilayer)); b simple rectangular columnar lattice
p2mn (r-s); c hexagonal columnar lattice p6mm (h) or hexagonal columnar lattice with internal order (hio); d gyroid
bicontinuous body-centered cubic phase with Ia3d symmetry (Cubbi); e 3D hexagonal columnar with p6mm symmetry
(h3D); fhexagonal columnar super-lattice with p6mm symmetry cubic (h3D-SL); gtriply continuous body-centered cubic
lattice with Im3m (l) symmetry (Cubtri); hphase observed only in the first heating of the as prepared compound.
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5.4.7. Structural and Retrostructural Analysis of Supramolecular Dendrimers
Supporting Table 5.ST7 - Structural and Retrostructural Analysis of Previously
Reported Supramolecular Dendrimers
Dendron

T
(oC)

LC
phase

lattice

(3,4BpPr)12G1- CO2CH3
(3,4BpPr)12G1-CH2OH
(3,4BpPr-3,4,5BpPr)
12G2- CO2CH3
(3,4BpPr-3,4,5BpPr)
12G2-CH2OH
(3,4BpPr-(3,4,5BpPr)2)
12G3- CO2CH3

30
30
80

Lam(k, bilayer)
Lam(k, bilayer)
Cub

Pm3n

a(a,b)
(Å)

20
(g/cm3)

D(Da,Db)
(Å)

’l
(deg)

49.9a
48.3a
143.9b

0.99d
0.99e
1.00d

49.9
48.3
89.3f

b

e

f

776

97

3.7

’i



908

113j
j

3.2

115

Cub

Pm3n

135.9

140
30

Cub
Cub(g)

139.5b
143.9b

1.00d

86.5f
89.3f

270
296

34j
37j

10.7
9.7

(3,4BpPr-(3,4,5BpPr)2)
12G3-CH2OH

130
35

Cub
Cub(g)

139.0b
140.2b

1.00e

86.2f
87.0f

268
275

34j
34j

10.8
10.5

(3,4BpPr)212G2- CO2CH3

75
115
20
140
30
160

r-c
Cub
r-cio
Cub
Cub f
Cub f

Pm3n
Pm3n
Pm3n
Pm3n

145.6,99.5c
168.8b
131.3,112.0c
155.5b
167.1b
172.9b

1.03d

84.1,99.5g
104.7f
75.8,112g
96.5f
103.7f
107.3f

15k
267j
16k
213j
123j
136j

23.8
1.4
23.0
1.7
2.9
2.6

(3,4BpPr)212G2-CH2OH

c2mm

Pm3n
c2mm

1.00

1.03e

84.3

2134l
l

1702
Pm3n
d
1.04
985l
(3,4BpPr) 12G3- CO2CH3
Pm3n
1091l
Pm3n
3
f
b
e
f
30
Cub
1.04
100.9
915l
114j 3.1
(3,4BpPr) 12G3-CH2OH
Pm3n 162.7b
f
f
l
166.9
103.5
988
123j 2.9
170 Cub
Pm3n
a
Lamellar lattice parameter (=layer separation) a  (d10  2d20  3d30  4d40 )/ 4 ; b Pm3n Cubic lattice parameter
c
c2mm centered rectangular columnar lattice
a  2d  4d  5d  6d  8d  10d  14d  16d /8 ;
3



110

200

210

211

220

310

321

400



parameters a and b; a = hd, b = kd; (h0) and (k0) from diffractions; d 20 = experimental density at 20 ºC; e Average
3

density; f Experimental Pm3n cubic spherical diameter D  2 3a 3 / 32 ; g Experimental elliptical column diameters of
c2mm centered rectangular columnar lattice Da  a / 3 and Db = b; i Number of monodendrons per Pm3n cubic unit
cells  a 3 N A  / M . jNumber of monodondrons per Pm3n cubic spherical dendrimer   ' / 8 ; k Number of





monodendrons per elliptical c2mm centered rectangular column stratum   (N A abt )/ 2M ; l Projection of the solid

angle for tapered and conical monodendron  ' 2 /  (deg). Avogadro’s number N A  6.02204551023 mol-1, the
average height of the column stratum t = 4.7 Å, and M = molecular weight of monodendron.
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Supporting Table 5.ST8 - Structural and Retrostructural Analysis of Supramolecular
Dendrimers Generated from Novel Self-Assembling Dendrons
Dendron

T
(oC)
(3,4BpPr-3,4,5BpPr- -15
3,4BpPr)12G335
CO2CH3
130
(3,4BpPr-3,4,5BpPr- -15
3,4BpPr)12G325
CH2OH
140
(3,4BpPr-3,4,5BpPr- 45
90
4BpPr)12G2CO2CH3
(3,4BpPr-3,4,5BpPr- 25
100
4BpPr)12G2CH2OH
25
(4BpPr)212G0CO2CH3
110
180
(4BpPr)212G030
CH2OH
180
200
25
(3,4BpPr105
4BpPr)12G1120
CO2CH3
(3,4BpPr25
4BpPr)12G1130
CH2OH
(3,4BpPr-4BpPr100
3,4BpPr)12G2190
CO2CH3
35
(3,4BpPr-4BpPr155
3,4BpPr)12G2200
CH2OH
(3,4BpPr30
(4BpPr)2)12G1200
CO2CH3
165
30

LC
phase
Cub
Cub
Cub
Cub
Cub
Cub
Cub
Cub

lattice

20
(g/cm3)
1.01h

Pm3n
Pm3n
Pm3n
Pm3n
Pm3n
Pm3n
Pm3n
Pm3n

a(a,b, c)
(Å)
154.4b
153.9b
149.3b
148.7b
148.3b
144.8b
178.8b
176.1b

Im3m

101.2e

Lamk,bilayer
Lamk,bilayer
Lamk
Lamk,bilayer
Lamk,bilayer
Lamk
Lamk
Lamk
Lamk
Lamk
Cubtri

1.13h

Im3m (l)

77.2a
77.3a
45.3a
75.1a
72.9a
44.2a
64.5a
45.9a
47.1a
64.1a
243.8f

r-c
Cub

c2mm
Pm3n

a=b=179.6, 157.8c
277.1b

1.06h

p6mm

82.0d
a=b=243, c=359g
117.1, 111.0c
57.6a
62.2a
63.5a

x
BCC

x
h
Tet
r-c
Lamk,bilayer
Lamk,bilayer
Lamk,bilayer

c2mm

1.01i
1.03h
1.03i

’s
(deg)
5.3
5.4
5.9
5.9
6.0
6.4
1.8
1.9

D(Da,Db)
(Å)
95.8j
95.5 j
92.6 j
92.2 j
92.0 j
89.8 j
110.9 j
109.2 j

’n



542
536
490
487
483
449
1623
1548

68o
67o
61o
61o
60o
56o
203o
194o

99.7m

298

149p

7468

23q
933o

15.4
0.4

82.0l

10r

36.9

67.6, 111.0 k
57.6a
62.2a
63.5a

19q

18.9

77.2a
77.3a
45.3a
75.1a
72.9a
44.2a
64.5a
45.9a
47.1a
64.1a

1.13i
1.09h
1.09i

103.7,
157.8k
171.9 j

1.06i
1.05h

a

Lamellar lattice parameter (=layer separation) a  (d10  2d20  3d30  4d40 )/ 4 ; b Pm3n Cubic lattice parameter
c
c2mm centered rectangular columnar lattice
a  2d  4d  5d  6d  8d  10d  14d  16d /8 ;



110

200

210

211

220

310

321

400



parameters a and b; a = hd, b = kd; (h0) and (k0) from diffractions;
a  2 d100 / 3


a
a

;





d

p6mm Hexagonal columnar lattice parameter

;

d100  d100  3d110  4 d 200  7d 210 / 4



2d110  4d200  6d211  8d220  10d310  12d222  14d321 / 7



14d321  16d400  18d330 / 411  18d420 / 4

;

f

e

Im3m

Im3m

(l)

lattice
lattice

parameter
parameter

; Unknown Tetragonal Lattice;. 20 = experimental density at 20 ºC; iAverage
g

h

3
density; j Experimental Pm3n cubic spherical diameter D  2 3a 3 / 32 ; k Experimental elliptical column diameters of
c2mm centered rectangular columnar lattice Da  a / 3 and Db = b; l Experimental column diameter of p6mm
hexagonal columnar lattice D  2 d100 / 3 ; m Experimental Im3m cubic spherical diameter D  2 3 3a 3 / 8 ; n Number

of monodendrons per cubic unit cells 

a 3 N A  / M . oNumber of monodondrons per Pm3n cubic spherical dendrimer

  ' / 8 ; pNumber of monodondrons per Im3m cubic spherical dendrimer    '/ 2 ; q Number of monodendrons per
elliptical c2mm centered rectangular column stratum   (N A abt )/ 2M ; r Number of monodendrons p6mm hexagonal
column stratum   3N A D 2 t / 2M ; s Projection of the solid angle for tapered and conical monodendron  ' 2 / 





(deg). Avogadro’s number N A  6.02204551023mol-1, the average height of the column stratum t = 4.7 Å, and M =
molecular weight of monodendron.
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Supporting Table 5.ST9 - Structural and Retrostructural Analysis of Supramolecular
Dendrimers Generated from Novel Self-Assembling Dendrons
Dendron
(3,4BpPr)2-4BpPr)12G2CO2CH3

(3,4BpPr)2-4BpPr)12G2CH2OH
(4BpPr-3,4,5BpPr4BpPr)12G1-CO2CH3
(4BpPr-3,4,5BpPr4BpPr)12G1-CH2OH
(4BpPr-3,4BpPr4BpPr)12G1-CO2CH3
(4BpPr-3,4BpPr4BpPr)12G1-CH2OH
(3,4,5BpPr-4BpPr)12G1CO2CH3
(3,4,5BpPr-4BpPr)12G1CH2OH
(3,4,5BpPr(4BpPr))212G2-CO2CH3
(3,4,5BpPr(4BpPr)2)12G2-CH2OH

T
(oC)
25
90
105
149
70
25

LC
phase
Lamk
Lamk
h3D-SL
Cubtri
h
hio

70
125
30
150
25
30
25
165
25
140
30
180
25
55
40
85
30
90
140
90
140

h
h3D-SL
Lamk
Lamk
r-s
r-s
Lamk
Lamk
Lamk
Lamk
r-s
r-s
Lamk
Lamk
h3D
h3D-SL
Lamk
Lamk
Cubbi
h
Cubbi

lattice

<d100>
(Å)

159.9
Im3m (l)

79.4
78.8

p6mm
p6mm

73.9
151.8

p2mm
p2mm

p2mm
p2mm

p6mm
p6mm

59.1
109.0

Ia3d
p6mm

77.9

20
(g/cm3)
1.05i

a(a,b, c)
(Å)
62.8a
61.5a
a=b=184.6,
74.8f
213.8g
91.7c
91.0c
85.3
175.3, 71.4f
52.7a
52.7a
102.3, 52.6b
104.6, 17.9b
57.0a
52.6a
49.0a
68.0a
71.3, 40.8b
80.5, 49.5b
54.2a
53.3a
68.3, 47.6e
125.9c, 85.2
64.9a
61.7a
140.6h
90.0c
141.6h

1.05j
1.15i
1.15j
1.11i
1.11j

1.04i
1.04j
1.06i

1.06j

D(Da,Db)
(Å)
62.8a
61.5a
92.3m



’p
(deg)

13o

26.7

91.7l
91.0 l

13o
13o

26.8
27.1

85.3 l
87.6m
52.7a
52.7a
102.3, 52.6k
104.6, 17.9k
57.0a
52.6a
49.0a
68.0a
71.3, 40.8k
80.5, 49.5k
54.2a
53.3a
68.3 l
62.9 l
64.9a
61.7a

12o
13o

30.4
28.8

11n
4n

33.0
99.9

8n
10n

47.7
38.8

12o
10o

29.7
35.7

90.0 l

18o

20.5

Ia3d
a
Lamellar lattice parameter (=layer separation) a  (d10  2d20  3d30  4d40 )/ 4 ; b p2mm Simple rectangular columnar
lattice parameters a and b; a = hd, b = kd; (h0) and (k0) from diffractions; c p6mm Hexagonal columnar lattice


 d100 


7 d 210 / 4 ,

parameter a  2 d100 / 3 ; d100  d100  3d110  4 d 200  7 d 210 / 4 ;

e

parameters a  2 d100 / 3 ; d100

c

super-lattice
c

parameters

 l  /  1 / d
2

parameter a 
j



2
hkl



a  2 d100 / 3

4 2 2
;
a h  k 2  hk 
3




3d110  4 d 200 



g

;

d100 

Im3m (l) lattice parameter a 




p6mm 3D Hexagonal columnar lattice

4 d 002 ;

f

p6mm Hexagonal columnar



2 d 200  12 d 220  16 d 400  28 d 420 / 4



14d321  16d400  18d330 / 411  18d420 / 4



6d211  8d220  14d321  16d400  20d420  22d332  24d422  26d431 / 8

i

20

=

;

h

,

Ia3d lattice

experimental density at 20 ºC;

Average density; k Experimental elliptical column diameters of p2mm simple rectangular columnar lattice Da = a and

Db = b; l Experimental column diameter of p6mm hexagonal columnar lattice D  2 d100 / 3 ; m Experimental column
diameter of p6mm hexagonal columnar super-lattice D  d100 / 3 ; n Number of monodendrons per elliptical p2mm
simple rectangular column stratum   (N A abt )/ M ;


 3N A D t / 2M
2

;

p

o

Number of monodendrons p6mm hexagonal column stratum

Projection of the solid angle for tapered and conical monodendron  ' 2 /  (deg).

Avogadro’s number N A  6.02204551023 mol-1, the average height of the column stratum t = 4.7 Å, and M =
molecular weight of monodendron.
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5.4.8. Supporting XRD Figures

Supporting Figure 5.SF6. SAXS diffractogram of the Im3 m (l) of (3,4BpPr4BpPr)12G1-CH2OH (19b) phase recorded at 138ºC (left). Structural diagram of the
Im3 m (l)phase. Reprinted with permission from ref 16. Copyright 2005 Nature
Publishing Group.
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Supporting Figure 5.SF7 - SAXS diffractogram of the Ia 3 d of (3,4,5BpPr(4BpPr)2)12G1-CH2OH (24b) phase recorded at 128ºC (left). Structural diagram of the
Ia 3 d phase. Reprinted with permission from ref 16. Copyright 2005 Nature Publishing
Group.
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Chapter 6
Allosteric Control of the Cooperative Supramolecular
Polymerization of Dendritic Dipeptides
(Adapted from Manuscript in Progress)1

6.1 Introduction
Supramolecular polymers2-3 are analogs of conventional polymers, wherein
monomers are linked not by covalent bonds, but rather the intermolecular interactions
that define the realm of supramolecular chemistry.4 Like covalent polymers,
supramolecular polymers can be classified by their chemical structure and topology, but
also by their mechanism of polymerization5-7 and the types of intermolecular interactions
that mediate the connection between monomers, for example H-bonding,8-13 -
interactions,14-17 ionic interactions,18 host-guest interactions,19 and the formation of
supramolecular liquid crystals.4, 20-21 As categorized in a recent review by Meijer,7 the
thermodynamics of linear supramolecular polymerization can be most generally divided
between isodesmic or cooperative/anti-cooperative mechanisms. In the isodesmic
model,22-23 the G of monomer addition is independent of the degree of polymerization,
whereas in cooperative24-26 or anti-cooperative supramolecular polymerization the G of
monomer addition will increase or decrease following the formation of an oligomeric
nucleus, respectively. Cooperativity can have a number of structural or environmental
origins, but is frequently the result of helical growth triggered by the formation of a chiral
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nucleus. Helical cooperative growth is relevant to supramolecular polymerization of
proteins24 and is therefore applicable to the development of complex biomimetic systems.
Bio-inspired benzyl ether dendrons with specific primary structure functionalized
with aliphatic or semifluorinated alkyl groups self-assemble in solution and in bulk
providing access to a multitude of periodic lattices and quasi-periodic arrays, insight into
the mechanism of self-assembly, and elucidation of new self-organized structures (See
Chapter 2).27-30 Typical libraries utilized in the discovery process are comprised of mostly
achiral dendrons.28-29, 31-34 Attachment of dipeptides to the apex of wedge-shaped benzylether dendrons35-38 induce asymmetry that is amplified through self-assembly into
supramolecular helical porous columns that are stereochemically programmed and
allosterically regulated (See Chapter 2.6).39-40 Similarly, the attachment of dipeptides to
the apex of cone-shaped self-assembling dendrons provides hollow chiral spherical
supramolecular dendrimers (Figure 2.43).41 Adaptation of Cochran, Crick and Vand
helical diffraction theory42 demonstrated internal helical order43 in the supramolecular
columns44 generated from dendritic dipeptides. The features of the internal structure and
the self-assembly mechanism of dendritic dipeptides is of considerable interest for their
use in the design of complex functional systems such as self-repairing supramolecular
electronic materials,45-46 porous protein mimics,35-40,

47-48

supramolecular containers,41

thixotropic gels,49 and nanomechanical actuators.50-52
While significant efforts have been invested to elucidate the structure and
function of helical supramolecular pores derived from dendritic dipeptides, including the
effects of stereochemical information on their structure, less attention has been paid to the
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mechanism of the supramolecular polymerization that provides these complex structures.
Recently,7 Meijer et al outlined the fundamental principles for the analysis of the
mechanism of supramolecular polymerization and therein specifically suggests that the
dendritic dipeptides of Percec et al exhibit cooperatively nucleated supramolecular selfassembly. Herein, the solution phase supramolecular polymerization of dendritic
dipeptides is investigated through temperature dependent CD/UV-vis spectroscopy.

6.2 Results and Discussion
6.2.1 Synthesis of New Compounds
Five new dendritic dipeptides were prepared: (4-3,4-3,5)12G2-CH2-Boc-D/LTyr-L-Ala-OMe,

(4-3,4-3,5)12G2-CH2-Boc-D/L-Tyr-D-Ala-OMe,

(4-3,4-3,5)12G2-

CH2-Boc-L-Tyr-D/L-Ala-OMe, (4-3,4-3,5)12G2-CH2-Boc-D-Tyr-D/L-Ala-OMe, and
(4-3,4-3,5)dm8*G2-CH2-Boc-D/L-Tyr-D/L-Ala-OMe (Figure 6.1). Boc-

D/L-Tyr(OH)-

OH was prepared in 95 % by treating D/L-Tyr(OH)-OH with di-tert-butyl dicarbonate and
Et3N in a 50/50 mixture of dioxane and H2O. Non-racemic dipeptides A,B,C, and D were
prepared in 62-87% yield via 2-chloro-4,6-dimethoxy-1,3,5-triazine (CDMT) mediated
coupling of Boc-D/L-Tyr(OH)-OH, Boc-L-Tyr(OH)-OH, or Boc-D-Tyr(OH)-OH with LAla-OMeHCl,

D-Ala-OMeHCl,

or

D/L-Ala-OMeHCl

respectively. Etherification of

(4-3,4-3,5)12G1-CH2Cl with dipeptides A, B, C, or D in DMF using K2CO3 as base
provided dendritic dipeptides (4-3,4-3,5)12G2-CH2-Boc-D/L-Tyr-L-Ala-OMe, (4-3,43,5)12G2-CH2-Boc-D/L-Tyr-D-Ala-OMe,

(4-3,4-3,5)12G2-CH2-Boc-L-Tyr-D/L-Ala-

OMe, and (4-3,4-3,5)12G2-CH2-Boc-D-Tyr-D/L-Ala-OMe in 26-53 % yield respectively.
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Alternatively, etherification of (4-3,4-3,5)dm8*G1-CH2Cl with dipeptide E in DMF
using K2CO3 as base provided (4-3,4-3,5)dm8*G2-CH2-Boc-D/L-Tyr-D/L-Ala-OMe in
37% yield.

Figure 6.1 - Synthesis of new dendritic dipeptides. Reagents and conditions: (i) Di-tertbutyl dicarbonate , Et3N, Dioxane/H2O, 0 °C, 24h; (ii) NMM, CDMT, EtOAc, 2h; (iii)
K2CO3, DMF, 70 °C.
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6.2.2 The Supramolecular Polymerization of (4-3,4-3,5)12G1-CH2-Boc-Tyr-AlaOMe: Amongst dendritic dipeptides, (4-3,4-3,5)12G2-CH2-Boc-L-Tyr-L-Ala-OMe
(Figure 6.2), has been the most extensively studied. (4-3,4-3,5)12G2-CH2-Boc-L-Tyr-LAla-OMe and its enantiomer, (4-3,4-3,5)12G2-CH2-Boc-D-Tyr-D-Ala-OMe, selforganize in bulk into hexagonal columnar lattices h exhibiting a 71.3 Å column
diameter and a 12.8 Å pore.35 The hollow center of the column has been exploited as an
Aquaporin mimic, providing transport through biological membranes.35, 47-48 Through a
combination of XRD analysis in bulk and CD/UV-vis studies performed in bulk and in
solution (Figure 6.3), it was demonstrated that the helical sense of the supramolecular
columns is dictated by the stereochemistry of the tyrosine residue that is directly
connected to the dendron, while other structural details are allosterically regulated by the
stereochemistry of the more distant alanine residue.35-36,
enantiomeric pairs

LL/DD

The diastereomeric pairs

and

LD/DL

LL/LD

and

39-40

As expected, the

exhibit mirror image Cotton effects at (Figure 6.3).
DD/DL

exhibit Cotton effects of identical sign but

different CD shapes (Figure 6.3). While the size of the supramolecular columns and pores
can be modulated in the bulk phase by the length of the non-branched aliphatic tail,38 the
sign and shape of the Cotton effects in solution are largely unaffected. Dendritic
dipeptides constructed from racemic dipeptides exhibit no Cotton effect.35 The
similarities of enantiomers and differences of diastereomers are replicated in DSC and
XRD in the bulk state. Later studies,36 wherein the second amino acid was varied from
Ala to Phe, Val, Leu, or Ile demonstrated single point mutations to other nonpolar chiral
amino acids once again only affected the allosteric regulation of finer structural details
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and the negative Cotton effect was unchanged. Interestingly, exchange of Ala to Gly, a
non-chiral amino acid with greater structural flexibility, resulted in an inversion to a
positive Cotton effect and likely an inversion of the helical sense. Two other dendritic
dipeptides were prepared, wherein the N-protecting group was varied, i.e. Boc to Moc to
Ac.1f CD/UV-vis measurements show that once again the protecting group serves only to
allosterically regulate the supramolecular structure at that it is still the stereochemistry of
the L-Tyr that enforces a negative Cotton effect in all cases.

Figure 6.2 - General Structure of dendritic dipeptides derived from Boc-Tyr(OH)-AlaOMe and (4-3,4,-3,5)12G2-CH2Cl.
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Figure 6.3 - CD/UV-vis Spectra of (4-3,4,-3,5)12G2-CH2-Boc-Tyr-Ala-OMe a) L-L b)
c) L-D d) D-L. Reprinted with permission from ref. 8c. Copyright 2005 Wiley-VCH.

D-D

With the exception of (4-3,4-3,5)12G2-Boc-L-Tyr-Gly-OMe36 and of the racemic
(4-3,4-3,5)12G2-Boc-D/L-Tyr-D/L-Ala-OMe, previous studies on the self-assembly of
dendritic dipeptides have been restricted to combinations of two enantiopure -amino
acids.
Here we report the synthesis and temperature dependent CD/UV-vis spectra of (43,4-3,5)12G2-Boc-Tyr-Ala-OMe synthesized from one racemic and one enantiopure
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amino acid (D-D/L, L-D/L, D/L-D, D/L-L) (Figure 6.4). When Tyr was enantiopure, a strong
Cotton effect is observed even when Ala was racemic. As before, L-Tyr induces a
negative Cotton effect and D-Tyr induces a positive cotton effect. When the Tyr residue is
racemic, but the Ala residue is enantiopure, no strong Cotton effect was observed
indicating that the Ala residue is only capable of allosteric regulation but not of selection
of the helical sense. In bulk, (4-3,4-3,5)12G2-Boc-D/L-Tyr-L-Ala-OMe, (4-3,43,5)12G2-Boc-D/L-Tyr-D-Ala-OMe, (4-3,4-3,5)12G2-Boc-L-Tyr-D/L-Ala-OMe, and (43,4-3,5)12G2-Boc-D-Tyr-D/L-Ala-OMe exhibit nearly identical phase transitions as
determined by DSC and XRD analysis (Table 6.1 and Figure 6.5). It is of course expected
that the enantiomeric pairs exhibit identical phase transitions, but it was not an a priori
requirement for the diastereomeric pairs to be similar. At low temperature a glassy
hexagonal columnar phase is observed (h,g) which is transformed into a h LC phase at
~55 °C. Isotropization is 95 °C in all cases. For (4-3,4-3,5)12G2-Boc-L-Tyr-D/L-AlaOMe and (4-3,4-3,5)12G2-Boc-D-Tyr-D/L-Ala-OMe the transition from h,g to h
occurs at temperatures 2-4 °C than for 4-3,4-3,5)12G2-Boc-D/L-Tyr-L-Ala-OMe and (43,4-3,5)12G2-Boc-D/L-Tyr-D-Ala-OMe.
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Figure 6.4 - CD (top) and UV(vis) of D/L-L, D/L-D, L-D/L, and D-D/L (4-3,4-3,5)12G2CH2-Boc-Tyr-Ala-OMe in cyclohexanes. a 1.6  10-4 M, b 1.4  10-4 M.
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Table 6.1 - Thermal transitions of (4-3,4-3,5)12G2-CH2-Boc-Tyr-Ala-OMe
Thermal transitions (oC) and corresponding enthalpy changes (kcal/mol)a
heating
cooling
h,g57h95(5.0)i
i93(5.4)h50h,g
h,g56h95(5.2)i
i93(4.8)h49h,g
h,g56h95(4.6)i
h,g56h95(4.6)i
i94(5.5)h51h,g
h,g59h95(5.4)i
h,g56h95(5.4)i
h,g60h95(5.3)i
i93(5.4)h51h,g
h,g56h95(5.4)i

D/L-L
D/L-D
L-D/L
D-D/L
a

ENDO

Thermal transitions (ºC) and enthalpy changes (kcal/mol) were determined by DSC (10 ºC/min); data
from the first heating and cooling scans are on the first line, and data from the second heating are on the
second line. g, glassy; i, isotropic.
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Figure 6.5. Thermal transitions of (4-3,4-3,5)12G2-CH2-Boc-Tyr-Ala-OMe. DSC traces
of (4-3,4-3,5)12G2-CH2-Boc-Tyr-Ala-OMe. Transition temperatures (°C) and enthalpy
changes (kcal/mol, in parentheses) are marked on DSC. g, glass; i, isotropic.
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While the gross features of the CD spectra allow qualitative assessment of
solution phase structure, temperature dependent CD and UV-vis measurements can
provide an understanding of the mechanism and thermodynamics of solution phase selfassembly, which can be viewed as a form of supramolecular polymerization assisted by
cooperative helical growth.7 Analysis of supramolecular polymerization is performed
according to the methods described by Meijer53-57 Related peak maxima for CD (typically
~250 nm) or UV (typically (~230 nm) are chosen for the second heating cycle. The molar
ellipticity or absorbances for these peaks are rescaled such that 1.0 corresponds to the low
temperature maximum or minimum intensity, i.e. maximum aggregation in the
temperature range explored, and 0 corresponds to the high temperature maximum or
minimum peak intensity, i.e. the molecularly dissolved species. For non-nucleated,
isodesmic models of supramolecular polymerization a sigmoidal relationship between the
degree of aggregation and the temperature is observed,56 whereas in a nucleated or
cooperative helical growth model, a non-sigmoidal relationship between the degree of
aggregation and temperature is expected.56 Thermodynamic data can be obtained by
fitting with the equation for the elongation domain by Meijer (eq 1),57 where he is the
molar enthalpy for polymerization, and Te is the elongation temperature, or the point at
which nucleation transitions to elongation. Tm, the melting temperature or the point at
which 50% aggregation is observed, is also calculated from the fit of the plot. For the
cooperative helical growth model the Te can be viewed as the temperature at which a
complete turn of the helix is formed allowing for enhanced he through structural reenforcement from the chiral nucleus or potentially through stacking of pre-formed
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discs/lock-washers, similar to the helical growth mechanism of the tobacco mosaic virus
(TMV).58-60
  he


 2 T Te   
 RTe
 

   SAT 1  e





(eq 1)

The plots of enantiomeric pairs, diastereomers and racemates are shown in Figure
6.6 and the calculated thermodynamic parameters are listed in Table 6.2. In all cases the
thermodynamics of the self-assembly of enantiomeric compounds is identical within the
error of the experimental conditions and therefore, the thermodynamic parameters are
calculated from the average of the two curves. The homochiral L-L/D-D system has a
higher he than the heterochiral L-D/D-L system, but lower Te. Both the homochiral and
heterochiral systems exhibit a non-sigmoidal relationship between the degree of
aggregation and temperature. Likewise, when Tyr is enantiopure and Ala is racemic, a
non-sigmoidal nucleated/helical cooperative growth was observed. As it has been shown
that the Tyr residue determines handedness, it was not surprising that D-D/L / L-D/L show
the same sign of the Cotton effect as L-L/D-D. Interestingly, racemization of the of the Ala
residue results in an increase in Te versus the homochiral system. When Ala was racemic,
the solution contains a 50/50 mixture of L-L and L-D or D-D and D-L. Thus, the increased
Te could be the resulting of averaging of the Te of the homochiral and heterochiral via
competitive nucleation. However, the associated enthalpy of the polymerization was
higher for D-D/L / L-D/L than either the L-L/D-D or L-D/D-L systems. As the pairs of L-L and
L-D or D-D and D-L

exhibit the same sign of the Cotton effects, it is possible that they can

co-assemble in similarly-handed columns. It is therefore, also possible that the
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conucleation of L-L and L-D or D-D and D-L is more favorable that homonucleation. When
the Tyr residue is racemic, but the Ala residue is enantiopure, self-assembly likely occurs
via segregation into a 50/50 mixture of columns with opposing helical sense. The
relatively low temperature for Te and the complex curve in the nucleation domain could
reflect the process of segregation into separate homochiral and heterochiral discs of
opposing helical sense. Due to the equal distribution of helical sense in the growing
columns, a diminished helical cooperativity was expected. When both -amino-acids was
racemic, i.e.

D/L-D/L,

a 1:1:1:1 mixture of L-L/D-D/L-D/D-L was present. This system

likely segregates into mixed L-L/L-D and

D-D/D-L

columns. The equal mixture of two

opposing helical sense explains the low Te and the diminished cooperativity.
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a)

b)

c)

d)

e)

Figure 6.6 - Degree of aggregation  vs Temperature (K) for enantiomeric pairs a) D-D
and L-L b) L-D and D-L c) D-D/L and L-DL d) D/L-D and D/L-L e) D/L-D/L
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Table 6.2 - Thermodynamic Data Calculated from the Fits of the Self-Assembly of the
Average of the Enantiomeric Pairs from Figure 6.6.
Stereochemistry
D-D/L-L
L-D/D-L
L-D/L /D-D/L
D/L-L / D/L-D
D/L-D/L

Te (K)
300.8
304.8
303.9
294.3
294.8

Tm (K)
296.9
298.2
301.4
291.1
292.3

he (kj/mol)
-117.6
-67.9
-167.1
-130.7
-162.1

6.2.3 The Supramolecular Polymerization of (4-3,4-3,5)nG1-CH2-Boc-Tyr-Ala-OMe:
The effect the length of the alkyl tail on the self-assembly of dendritic dipeptides (4-3,43,5)nG1-CH2-Boc-L-Tyr-L-Ala-OMe, has been investigated previously.38 In solution,
the sign and shape of the Cotton effects was largely unchanged from C6-C16 tails.
However, the relationship between the degree of aggregation versus temperature for
various tails do exhibit a dependence on the tail length (Figure 6.7, Table 6.3). For the
achiral tails with L-L dendritic dipetides, Te decreased with increasing tail length. While
he for C6 was significantly higher than for C12, for C12-C16 he increased with increasing
tail length. It is apparent that longer tails frustrate nucleation, though may increase the
enthalpy of monomer addition in the supramolecular polymerization. It was shown that
completely racemic (4-3,4-3,5)12G2-CH2-Boc-D/L-Tyr-D/L-Ala-OMe, exhibited a lower
extent of cooperativity in their supramolecular polymerization than dendritic dipeptides
constructed from enantiopure Tyr or both enantiopure Tyr and Ala. A new dendron
containing a completely racemic Tyr-Ala dipeptide and entantiopure (R)-3,7dimethyloctane (dm8*) alkyl tails, (4-3,4-3,5)dm8*G2-CH2-Boc-D/L-Tyr-D/L-Ala-OMe,
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was constructed. CD/UV-vis spectra for this compound did not exhibit a Cotton effect.
For dm8* the Te was lower than would be expected for a C10 tail of equivalent mass. In
bulk, the isotropization was also ~40 °C than for (4-3,4-3,5)12G2-CH2-Boc-Tyr-AlaOMe (Figure 6.8). Additionally, the plot of aggregation versus temperature showed a
relatively broad nucleation period which corresponds to lower helical cooperativity
(Figure 6.7) (Table 6.3). Communication of chirality from the periphery to the apex is not
sufficient to bias the racemic mixture of dipeptides toward a specific helical sense.

Figure 6.7 - Degree of aggregation  vs Temperature (K) via UV-vis a) (4-3,4-3,5)nG2Boc-L-Tyr-L-Ala-OMe and b) (4-3,4-3,5)dm8*G2-Boc-D/L-Tyr-D/L-Ala-OMe.
Table 6.1 - Thermodynamic Data Calculated from the Fits of the Self-Assembly of
Dendritic Dipeptides with Different Tail groups.
Tm
he
Tail Length Te
6
303.2 300.9 -234.9
12
300.8 296.9 -117.6
14
294.6 291.4 -139.6
16
292.8 289.4 -142.1
dm8*
296.7 293.3 -130.0
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Figure 6.8 -Thermal transitions of (4-3,4-3,5)dm8*G2-CH2-Boc-DL-Tyr-DL-Ala-OMe.
DSC traces of (4-3,4-3,5)12G2-CH2-Boc-Tyr-Ala-OMe. Transition temperatures (°C)
are marked on DSC. g, glass; i, isotropic.

6.2.4 The Supramolecular Polymerization of (4-3,4-3,5)12G1-CH2-Boc-Tyr-XaaOMe:The same analysis was applied to dendritic dipeptides prepared from L-Tyr and
other non-polar amino acids.36 Plots of the degree of aggregation vs temperature for both
CD and UV-vis experiments are shown in Figure 6.9 and thermodynamic parameters are
listed in Table 6.4. In most cases there is an excellent agreement between data collected
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via CD and UV-vis, suggesting that elongation of the supramolecular structure can only
occur in a helical fashion, and that the expression of chirality is supramolecular and is
amplified at higher degrees of polymerization. For Tyr-Gly, where only one stereocenter
is present the 250 nm CD ellipticities and UV correspond perfectly. For bulkier
secondary -amino acids such as Phe, the data collected from CD experiments show
much sharper aggregation and at higher temperature. In general larger nonpolar -amino
acids result in higher Te and higher he. It is important to compare the supramolecular
polymerization of (4-3,4-3,5)12G1-CH2-Boc-L-Tyr-D/L-Ala-OMe with that of (4-3,43,5)12G1-CH2-Boc-L-Tyr-Gly-OMe. The former case represents enantiopure tyrosine
and racemic mixture for alanine, the chiral amino-acid with the smallest side-chain. The
latter case represents enantiopure tyrosine and an achiral amino acid. Firstly, in the
absence of a second stereo center the helical sense is inverted as evidence by reversed
Cotton effects. Despite the inverted Cotton effects, Te of the two systems remain very
close, though there is a slight decrease in the he. The decrease in he may be the result of
the decreased size of the non-polar residue. The close correspondence L-Tyr-D/L-Ala and
L-Tyr-Gly

suggest that racemization of the Ala stereocenter or complete removal of the

second stereocenter have similar effects on the thermodynamics of supramolecular selfassembly.
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a) L-Tyr- L -Ala

b) L -Tyr-Gly

c) L -Tyr- L –Ile

d) L -Tyr- L -Leu

e) L -Tyr- L -Phe

f) L -Tyr- L -Val

Figure 6.9 - Degree of aggregation  vs Temperature (K) via UV-vis and CD for a) TyrAla, b) Tyr-Gly c) Tyr-Ile d) Tyr-Leu, e) Tyr-Phe, and f) Tyr-Val.
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Table 6.4. Thermodynamic Data Calculated from the Fits of the Self-Assembly of the
Dendritic Dipeptides Composed of Tyr and other Nonpolar -Amino Acids.
Dipeptide Te (K)
Tm (K)
he (kj/mol)
Tyr-Ala
300.8
296.5
-94.8
Tyr-Gly
304.4
300.3
-124.5
Tyr-Ile
305.5
301.9
-142.5
Tyr-Leu
305.8
301.0
-108.2
a
Tyr-Phe
309.9 (312.1) 305.9 (310.4) -135.2 (-323.9)
Tyr-Val
306.0
301.8
-121.0
a
Values from CD measurements in parenthesis

6.3 Conclusion
It was demonstrated that the supramolecular polymerization of dendritic
dipeptides proceeds via a helical cooperative growth mechanism. When the dipeptide
from the apex of the dendron is Tyr-Ala, racemization of the Tyr even if Ala is
enantiopure results in diminished cooperativity. Transfer of chirality from the periphery
of the dendron is insufficient to enforce a helical sense and induce strong cooperativity. If,
Tyr is enantiopure, the stereochemistry and chemical structure of the second -amino
acid, serves only to modulate the thermodynamics of the supramolecular polymerization,
without changing the helical growth mechanism. Therefore, both the structure and the
mechanism of self-assembly of dendritic dipeptides are stereochemically programmed
and allosterically regulated. These results will aid the design of new supramolecular
polymers based on dendritic dipeptides and related structures as well as provide insight
into the supramolecular polymerization of biological molecules such as the Tobacco
Mosaic Virus.58-60
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6.4 Experimental Section
6.4.1 Materials.
N-methyl morpholine (NMM) (99%), anhydrous K2CO3 (all from Aldrich), di-tert-butyl

dicarbonate, cyanuric chloride (99%), D/ L tyrosine (99%) (all from Acros), triethylamine
(Et3N) (99%) (from Fisher), Boc-L-Tyr-OH (99%), Boc-D-Tyr-OH (99%), H2N- L -Ala-

OMeHCl (99%), H2N- D -Ala-OMeHCl (99%), H2N- D/ L -Ala-OMeHCl (99%), (all
from Bachem Peptides) were used as received, and 2-chloro-4,6-dimethoxy-1,3,5-triazene
(CDMT) was prepared from cyanuric chloride following a literature procedure.61

Cyclohexane for CD experiments (Fisher, HPLC grade) was refluxed over CaH2 and
freshly distilled to ensure absence of moisture. N,N-dimethylformamide, methanol,
tetrahydrofuran, dichloromethane, MgSO4, acetone, ethyl acetate (all from Fisher, ACS
reagents), silica gel (Sorbent Technology) were used as received. Tetrahydrofuran (Fisher,
ACS reagent grade) was refluxed over sodium/benzophenone and freshly distilled before
use, dichloromethane (Fisher, ACS reagent grade) was refluxed over CaH2 and freshly
distilled before use. All other chemicals were commercially available and were used as
received. (4-3,4-3,5)12G2-CH2Cl,29 (4-3,4-3,5)12G2-Boc-L-Tyr-L-Ala-OMe,35 (4-3,43,5)12G2-Boc-L-Tyr-D-Ala-OMe,35 (4-3,4-3,5)12G2-Boc-D-Tyr-L-Ala-OMe,35 (4-3,43,5)12G2-Boc-D-Tyr-L-Ala-OMe,35 (4-3,4-3,5)6G2-Boc-L-Tyr-L-Ala-OMe,35 (4-3,43,5)14G2-Boc-L-Tyr-L-Ala-OMe,35 (4-3,4-3,5)16G2-Boc-L-Tyr-L-Ala-OMe,35 (4-3,43,5)dm8*G2-CH2Cl,62 (4-3,4-3,5)12G2-Boc-L-Tyr-Gly-OMe,36 (4-3,4-3,5)12G2-Boc36

(4-3,4-3,5)12G2-Boc-L-Tyr-L-Val-OMe,36 (4-3,4-3,5)12G2-Boc-

36

(4-3,4-3,5)12G2-Boc-L-Tyr-L-Ile-OMe,36 (4-3,4-3,5)12G2-Boc-

L-Tyr-L-Ala-OMe,

L-Tyr-L-Leu-OMe,
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36

L-Tyr-L-Phe-OMe,

and (4-3,4-3,5)12G2-Boc-L-Tyr-L-Pro-OMe36 were prepared

according to procedures developed in our laboratory.

6.4.2 Techniques.
1

H NMR (500 MHz) and 13C NMR (125 MHz) spectra were recorded on a Bruker DRX

500 instrument. The purity of the products was determined by a combination of thin-layer
chromatography (TLC) on silica gel coated aluminum plates (with F254 indicator; layer
thickness, 200 m; particle size, 2-25 m; pore size 60Å, SIGMA-Aldrich) and high
pressure liquid chromatography (HPLC). HPLC was carried out using THF as mobile
phase at 1 mL/min, on a Shimadzu LC-10AT high pressure liquid chromatograph
equipped with a Perkin Elmer LC-100 oven (40 ºC), containing two Perkin-Elmer PL gel
columns of 5  102 and 1  104 Å, a Shimadzu SPD-10A UV detector ( = 254 nm), a
Shimadzu RID-10A RI-detector, and a PE Nelson Analytical 900 Series integrator data
station.
Thermal transitions were determined on a TA Instruments Q100 differential scanning
calorimeter (DSC) equipped with a refrigerated cooling system with 10 °C min-1 heating
and cooling rates. Indium was used as calibration standard. The transition temperatures
were calculated as the maxima and minima of their endothermic and exothermic peaks.
An Olympus BX51 optical microscope (100 magnifications) equipped with a Mettler
FP82HT hot stage and a Mettler Toledo FP90 Central Processor was used to verify
thermal transitions and to characterize anisotropic textures. Density (20) measurements
were carried out by flotation in gradient columns at 20 °C.
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Circular dichroism (CD) spectra were recorded in a Jasco J-720 spectrophotometer
equipped with a RTE-111 variable temperature circulator. Data were processed using
Jasco Spectra Manager V. 1.51. X-ray diffraction measurements were performed with CuK1 radiation from a Bruker-Nonius FR-591 rotating anode X-ray source with a 0.2x2.0 mm2
filament operated at 3.4 kW. The beam was collimated and focused by a single bent mirror
and sagitally focusing Ge(111) monochromator, resulting in a 0.2x0.2 mm2 spot on a BrukerAXS Hi-Star multiwire area detector. To minimize attenuation and background scattering, an
integral vacuum was maintained along the length of the flight tube and the sample chamber.
The samples were kept either inside a Linkham hot stage or home-made oven that was
mounted inside the sample chamber and the sample temperature was controlled within ± 0.1
ºC. Bulk samples were held in Lindeman-type capillaries during.

Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass
spectrometry was carried out on a PerSeptive Biosystems-Voyager-DE (Framingham,
MA) mass spectrometer operating in linear mode. The spectrometer equipped with a
nitrogen laser (337 nm) was calibrated using Angiotensin II and Bombesin as standards.
The laser steps and voltages applied were adjusted as a function of the molecular weight
and the nature of the compound. The matrix used in MALDI-TOF mass spectrometry was
3,5-dimethoxy-4-hydroxy-trans-cinnamic acid. The solvent used for both matrix and
sample was tetrahydrofuran (THF). A typical procedure used for sample preparation was
as follows. The matrix (10 mg) was dissolved in 1 mL of THF. The sample concentration
was 5-10 mg/ mL. The matrix solution (25 L) and the sample solution (5 L) were
mixed, and then 0.5 L of the resulting solution was loaded onto the MALDI-plate and
air dried before insertion into the vacuum chamber of the MALDI machine.
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6.4.3 Synthesis of New Compounds
Boc-D/L–Tyr(OH)-CO2H: Di-tert-butyl dicarbonate (1.32 g, 6.07 mmol) was slowly
added to a 0 °C solution of D/L -tyrosine (1.0 g, 5.52 mmol) and Et3N (1.16 mL, 8.28
mmol) in dioxane/H2O (1/1) (50 mL) and the reaction mixture was stirred overnight at
0 °C. The reaction mixture was concentrated under reduced pressure and NaHCO3 aq.
was added. The aqueous layer was washed with EtOAc and acidified with HCl and
extracted with EtOAc (3x), washed with brine (2x). The organic layer was dried over
anhydrous MgSO4 and concentrated to give white powder (1.47 g, 95%). Purity (HPLC):
99+%. 1H NMR (500 MHz, CDCl3, TMS) δ = 8.17 (bs, 1H), 7.10 (d, 2H, J = 8.4 Hz),
6.76 (d, 2H, J = 8.4 Hz), 5.89 (d, 1H, J = 8.1 Hz), 4.36 (m, 1H,), 3.10-2.89 (m, 2H), 1.37
(s, 9H).

Boc-Tyr(OH)-Ala-OMe General procedure: NMM (0.45 g, 4.45 mmol) was slowly
added to a 0 °C solution of Boc-Tyr(OH)-CO2H (0.50 g, 1.78 mmol), H-Ala-OMeHCl
(0.25 g, 1.78 mmol) and CDMT (0.31 g, 1.78 mmol) in EtOAc (5 mL). The reaction
mixture was stirred at 23 °C for 2 h, then taken up in EtOAc and washed with H2O (1x),
1 M HCl (2x), saturated NaHCO3 (2x), H2O (1x), and brine (1x). The organic layer was
dried over anhydrous MgSO4 and concentrated. The crude product was purified by flash
column chromatography (silica gel, gradient 2 % to 4% MeOH in CH2Cl2) to give white
solids.
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Boc-D/L-Tyr(OH)-L-Ala-OMe: Yield (0.43 g, 66%). mp 136-138 oC; Purity (HPLC):
99+%; 1H NMR (500 MHz, CDCl3, TMS) δ = 7.04 (d, 2H, J = 8.4 Hz), 6.74 (d, 2H, J =
8.5 Hz), 6.38 (m, 1H), 5.70 (m, 1H), 5.07 (bs, 1H), 4.51 (bs, 1H), 4.30 (bs, 1H), 3.72 (d,
3H, J = 2.6 Hz), 2.98 (m, 2H), 1.42 (s, 9H), 1.31 (m, 3H) ppm;

13

C NMR (125 MHz,

CDCl3) δ = 173.2, 173.0, 171.5, 155.7, 155.5, 130.5, 127.7, 115.7, 80.5, 55.9, 52.6, 48.3,
48.1, 37.9, 37.7, 28.3, 18.2, 18.1 ppm.

Boc-D/L-Tyr(OH)-D-Ala-OMe: Yield (0.40 g, 62%). mp 140-142 oC; Purity (HPLC):
99+% 1H NMR (500 MHz, CDCl3, TMS) δ = 7.04 (d, 2H, J = 8.4 Hz), 6.74 (d, 2H, J =
8.5 Hz), 6.38 (m, 1H), 5.70 (bs, 1H), 5.07 (bs, 1H), 4.51 (bs, 1H), 4.30 (bs, 1H), 3.72 (d,
3H, J = 2.6 Hz), 2.98 (m, 2H), 1.42 (s, 9H), 1.31 (m, 3H) ppm;

13

C NMR (125 MHz,

CDCl3) δ = 173.2, 173.0, 171.5, 155.7, 155.5, 130.5, 127.7, 115.7, 80.5, 55.9, 52.6, 48.3,
48.1, 37.9, 37.7, 28.3, 18.2, 18.1 ppm.

Boc-L-Tyr(OH)-D/L-Ala-OMe: Yield (1.66 g, 84%). mp 71-72 oC; Purity (HPLC):
99+%; 1H NMR (500 MHz, CDCl3, TMS) δ = 7.02 (d, 2H, J = 8.3 Hz), 6.74 (d, 2H, J =
8.3 Hz), 6.48 (m, 1H), 5.15 (m, 1H), 4.51 (bs, 1H), 4.32 (bs, 1H), 3.72 (d, 3H, J = 3.1 Hz),
2.98 (m, 2H), 1.93 (bs, 1H), 1.42 (s, 9H), 1.31 (dd, 3H, J = 33.8, 7.2 Hz) ppm. 13C NMR
(125 MHz, CDCl3) δ = 173.2, 173.0, 171.6, 171.5, 155.7, 155.5, 130.5, 127.7, 115.7, 80.5,
55.9, 52.6, 48.3, 48.1, 37.9, 37.7, 28.3, 18.2, 18.1 ppm.
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Boc-D-Tyr(OH)-D/L-Ala-OMe : Yield (1.13 g, 87%). mp 69-70 oC; Purity (HPLC):
99+%; 1H NMR (500 MHz, CDCl3, TMS) δ = 7.02 (d, 2H, J = 8.3 Hz), 6.74 (d, 2H, J =
8.3 Hz), 6.63 (m, 1H), 5.25 (m, 1H), 4.51 (bs, 1H), 4.34 (bs, 1H), 3.72 (d, 3H, J = 3.1 Hz),
2.98 (m, 2H), 2.44 (bs, 1H), 1.42 (s, 9H), 1.31 (dd, 3H, J = 33.8, 7.2 Hz) ppm; 13C NMR
(125 MHz, CDCl3) δ = 173.2, 173.0, 171.6, 171.5, 155.7, 155.5, 130.5, 127.7, 115.7, 80.5,
55.9, 52.6, 48.3, 48.1, 37.9, 37.7, 28.3, 18.2, 18.1 ppm.

(4-3,4-3,5)12G2-CH2-Boc-Tyr-Ala-OMe General procedure: Boc-Tyr(OH)-Ala-OMe
(49.5 mg, 0.135 mmol) was added to a degassed suspension of K2CO3 (56 mg, 0.405
mmol) in DMF (5 mL) and the mixture was heated to 70 oC after which was added (43,4-3,5)12G2-CH2Cl (200 mg, 0.135 mmol) and the reaction allowed to stir overnight at
70 oC under nitrogen. The reaction mixture was cooled to room temperature and poured
into cold water. The product was extracted with EtOAc (4x), washed with H2O (3x) and
brine (1x), then dried over anhydrous MgSO4. The solvent was removed under reduced
pressure. The crude product was purified by flash column chromatography (silica gel, 1%
MeOH in CH2Cl2), followed by precipitation in MeOH from minimal CH2Cl2 to give
white solids.

(4-3,4-3,5)12G2CH2-Boc-D/L-Tyr-L-Ala-OMe: Yield (114 mg, 46 %). mp 94-95 oC;
Purity(HPLC): 99+ %.; 1H NMR (500 MHz, CDCl3, TMS) δ = 7.35-7.30 (m, 8H), 7.11
(d, 2H, J = 8.4 Hz), 7.04 (s, 2H), 6.95-6.83 (m, 14H), 6.65 (s, 2H), 6.52 (s, 1H), 6.31 (m,
1H), 5.05 (s, 8H), 4.96 (s, 2H), 4.90 (s, 4H), 4.51 (m, 1H), 4.29 (bs, 1H), 3.98-3.90 (m,
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8H), 3.70 (s, 3H), 3.08-2.91 (m, 2H), 1.81-1.72 (m, 8H), 1.48-1.38 (m, 17H), 1.38-1.24
(m, 67H), 0.88 (t, 12H, J = 6.6 Hz) ppm. 13C NMR (125 MHz, CDCl3) δ = 173.1, 173.0,
160.3, 159.1, 149.5, 149.2, 139.5, 130.6, 130.1, 129.2 (x2), 129.1, 121.1, 115.5, 115.1,
114.6, 106.5, 101.6, 71.4 (x2), 70.2, 70.1, 68.2, 52.6, 48.3, 48.0, 32.1, 29.8 (x3), 29.7,
29.6, 29.5, 29.4, 28.4, 26.2, 22.8, 18.6, 14.3ppm . MALDI-TOF for C115H164N2O16 : m/z
calcd, 1852.20 [M+Na+]; found 1852.16.

(4-3,4-3,5)12G2CH2-Boc-D/L-Tyr-D-Ala-OMe: Yield (64 mg, 26%). mp 94-95 oC;
Purity (HPLC): 99+%; 1H NMR (500 MHz, CDCl3, TMS) δ = 7.35-7.30 (m, 8H), 7.11
(d, 2H, J = 8.4 Hz), 7.04 (s, 2H), 6.95-6.83 (m, 14H), 6.65 (s, 2H), 6.52 (s, 1H), 6.31 (m,
1H), 5.05 (s, 8H), 4.96 (s, 2H), 4.90 (s, 4H), 4.51 (m, 1H), 4.29 (bs, 1H), 3.98-3.90 (m,
8H), 3.70 (s, 3H), 3.08-2.91 (m, 2H), 1.81-1.72 (m, 8H), 1.48-1.38 (m, 17H), 1.38-1.24
(m, 67H), 0.88 (t, 12H, J = 6.6 Hz) ppm; 13C NMR (125 MHz, CDCl3) δ = 173.1, 173.0,
160.3, 159.1, 149.5, 149.2, 139.5, 130.6, 130.1, 129.2 (x2), 129.1, 121.1, 115.5, 115.1,
114.6, 106.5, 101.6, 71.4 (x2), 70.2, 70.1, 68.2, 52.6, 48.3, 48.0, 32.1, 29.8 (x3), 29.7,
29.6, 29.5, 29.4, 28.4, 26.2, 22.8, 18.6, 14.3; MALDI-TOF for C115H164N2O16 m/z calcd:
1852.20 [M+Na+]; found 1852.62.

(4-3,4-3,5)12G2CH2-Boc-L-Tyr-D/L-Ala-OMe: Yield (79 mg, 40%). mp 94-95 oC;
Purity (HPLC): 99 +%;1H NMR (500 MHz, CDCl3, TMS) δ = 7.35-7.30 (m, 8H), 7.11 (d,
2H, J = 8.4 Hz), 7.03 (s, 2H), 6.95-6.83 (m, 14H), 6.65 (s, 2H), 6.52 (s, 1H), 6.33 (m, 1H),
5.05 (s, 8H), 4.96 (s, 2H), 4.90 (s, 4H), 4.51 (m, 1H), 4.29 (bs, 1H), 3.98-3.90 (m, 8H),
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3.70 (s, 3H), 3.08-2.91 (m, 2H), 1.81-1.72 (m, 8H), 1.48-1.38 (m, 17H), 1.38-1.24 (m,
67H), 0.88 (t, 12H, J = 6.6 Hz);

13

C NMR (125 MHz, CDCl3) δ = 173.1, 173.0, 160.3,

159.1, 149.5, 149.1, 139.5, 130.6, 130.1, 129.2 (x2), 129.1 (x2), 121.1, 115.5, 115.2,
115.1, 114.6, 106.5, 101.6, 71.4 (x2), 70.2, 70.1, 68.2, 52.6, 48.3, 48.0, 32.1, 29.8 (x4),
29.6 (x2), 29.5 (x3), 28.4, 26.2, 22.8, 18.6, 14.3 ppm; MALDI-TOF for C115H164N2O16
m/z calcd: 1852.20 [M+Na+]; found 1852.50.

(4-3,4-3,5)12G2CH2-Boc-D-Tyr-D/L-Ala-OMe: Yield (161 mg, 53%). mp 94-95 oC;
Purity (HPLC): 99+%. 1H NMR (500 MHz, CDCl3, TMS) δ = 7.35-7.30 (m, 8H), 7.11 (d,
2H, J = 8.4 Hz), 7.03 (s, 2H), 6.95-6.83 (m, 14H), 6.65 (s, 2H), 6.52 (s, 1H), 6.32 (m, 1H),
5.05 (s, 8H), 4.96 (s, 2H), 4.90 (s, 4H), 4.51 (m, 1H), 4.29 (bs, 1H), 3.98-3.90 (m, 8H),
3.70 (s, 3H), 3.08-2.91 (m, 2H), 1.81-1.72 (m, 8H), 1.48-1.38 (m, 17H), 1.38-1.24 (m,
67H), 0.88 (t, 12H, J = 6.6 Hz);

13

C NMR (125 MHz, CDCl3) δ = 173.1, 173.0, 160.3,

159.1, 149.5, 149.1, 139.5, 130.6, 130.1, 129.2 (x2), 129.1 (x2), 121.1, 115.5, 115.2,
115.1, 114.6, 106.5, 101.6, 71.4 (x2), 70.2, 70.1, 68.2, 52.6, 48.3, 48.0, 32.1, 29.8 (x4),
29.6 (x2), 29.5 (x3), 28.4, 26.2, 22.8, 18.6, 14.3 ppm; MALDI-TOF for C115H164N2O16
m/z calcd: 1852.20 [M+Na+]; found 1851.81.

(4-3,4-3,5)dm8*G2CH2-Boc-D/L-Tyr-D/L-Ala-OMe:

Boc-D/L-Tyr(OH)-D/L-Ala-OMe

(5.28 mg, 0.144 mmol) was added to a degassed suspension of K2CO3 (60 mg, 0.432
mmol) in DMF (8 mL) and the mixture was heated to 70 oC after which was added (4441

3,4-3,5)dm8*G2CH2Cl (200 mg, 0.144 mmol) and the reaction allowed to stir for 7.5 h
at 70 oC under nitrogen. The reaction mixture was cooled to room temperature and
poured into cold water. The product was extracted with EtOAc (4x), washed with H2O
(3x) and brine (1x), then dried over anhydrous MgSO4 and concentrated. The crude
product was purified by flash column chromatography (silica gel) using 1% MeOH in
CH2Cl2 as eluent, followed by precipitation in MeOH from minimal CH2Cl2 to give a
white solid (92 mg, 37%). mp 61-62 oC; Purity (HPLC0: 99+%; 1H NMR (500 MHz,
CDCl3, TMS) δ = 7.35-7.30 (m, 8H), 7.11 (d, 2H, J = 7.8 Hz), 7.03 (s, 2H), 6.95-6.83 (m,
14H), 6.65 (s, 2H), 6.53 (s, 1H), 6.37 (m, 1H), 5.05 (s, 8H), 4.96 (s, 2H), 4.90 (s, 4H),
4.51 (m, 1H), 4.32 (bs, 1H), 4.03-3.94 (m, 8H), 3.69 (s, 3H), 3.05-2.95 (m, 2H), 1.861.78 (m, 4H), 1.72-1.62 (m, 4H), 1.62-1.48 (m, 8H), 1.41 (s, 9H), 1.37-1.23 (m, 15H),
1.22-1.12 (m, 12H), 0.94 (dd, 12H, J = 6.6, 2.6 Hz), 0.87 (d, 24H, J = 6.6 Hz). 13C NMR
(125 MHz, CDCl3) δ = 173.1, 172.9, 160.3, 159.0 (x2), 157.9, 149.4, 149.1, 139.5, 130.5
(x2), 130.0, 129.2, 129.1 (x2), 121.1, 115.5, 115.2, 115.1 (x2), 114.6, 106.4, 101.5, 71.4,
71.3, 70.2, 70.1, 66.4, 52.5, 48.2, 48.0, 39.4, 37.6, 37.4, 36.3, 30.0, 29.8, 28.4, 28.1, 24.8,
22.8, 22.7, 19.8, 18.5, 18.3 ppm; MALDI-TOF for C107H148N2O16 m/z calcd: 1740.07
[M+Na+]; found 1739.87.
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Chapter 7
Introduction to Single-Electron Transfer Living Radical
Polymerization
(Adapted with permission from reference 1. Copyright 2009 American Chemical Society.)

7.1. Living Radical Polymerization (LRP). Definitions and Brief History
As we move forward through the 21st century, a major challenge for polymer
chemistry will be to approach the complexity and fidelity of biological macromolecules
via synthetic processes. The structural perfection of biological macromolecules is the
result of enzymatically controlled and templated condensation polymerizations. Some
progress has been made in harnessing biological polymerization for materials
applications. However, it is free-radical polymerization, not condensation polymerization
that currently dominates in industrial applications and also in academic research, largely
due to the broad array of compatible unsaturated monomers and relatively mild reaction
conditions.2 As radical polymerization is typically kinetically controlled, precise tailoring
of the monomer sequence at the level of biological polymerization is not necessarily
feasible. Getting closer to this goal will first require the development of polymerization
techniques that can achieve precise molecular weight, molecular weight distribution and
provide polymers with perfect structural fidelity.3
Significant progress has been made in the precise synthesis of polymers, most
notably via living polymerization. Living polymerization occurs when all side reactions
that lead to termination have been suppressed. By eliminating termination, chains can be
extended indefinitely and grow more uniformly leading to polymers with precisely
tailored molecular weight and molecular weight distribution. Living polymerization was
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first discovered by Szwarc in 1956 for the anionic polymerization of styrene initiated
with sodium napthalenide.4-5 As defined by Szwarc in one of his last publications,5
“[Living Polymers are those] that retain their ability to propagate for a long time and
grow to a desired maximum size while their degree of termination or chain transfer is
still negligible.”
Living polymerization has since been elaborated into several classes of powerful
techniques, including living anionic polymerization, living cationic polymerization,6
living ring-opening polymerization (ROP),7 ring-opening metathesis polymerization
(ROMP),8 group-transfer polymerization (GTP),9 and living radical polymerization
(LRP). Each of these methods is restricted to limited classes of monomers and functional
groups. Recently, much interest has been devoted to LRP, as it provides greater monomer
diversity and less stringent reaction conditions specifically in regard to monomer
purification. Since the discovery of living radical polymerization by Otsu in 1982,10 a
plethora of powerful LRP techniques have been developed, including but not limited to
Nitroxide-Mediated

LRP

(NMP),11

Reversible

Addition/Fragmentation

Transfer

Polymerization (RAFT),12 Macromolecular Design via the Interchange of Xanthates
(MADIX),13 organotellurium-mediated LRP (TERP), organobismuthine-mediated LRP
(BIRP) and organostibine-mediated LRP (SBRP),14 the Iniferter15 method, and metalcatalyzed living radical polymerization,16 pioneered by Otsu in 1990,17 including Cobaltmediated LRP,18 Atom-Transfer Radical Polymerization (ATRP),19 Single-Electron
Transfer - Degenerative Chain Transfer Mediated LRP (SET-DTLRP),20 and SingleElectron Transfer mediated LRP (SET-LRP).21 In the latter two techniques, activation of
dormant chains into propagating radicals is proposed to proceed through a heterogeneous
outer-sphere electron-transfer (OSET) process. In this process, electron-transfer to the
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organic halide precedes the decomposition of the alkyl halide into a carbon-centered
radical and a halide anion. OSET has been shown to be less sensitive to the bond
dissociation energy of R-X species,22 than inner-sphere electron-transfer (ISET).23 In all
LRP techniques reversible deactivation of propagating macroradicals is needed to ensure
a low radical concentration, thereby reducing bimolecular termination and other side
reactions. However, a low concentration of radicals alone is insufficient for an LRP
without the internal suppression of fast reactions24-25 via the persistent radical effect or an
alternative method to mediate the equilibrium between dormant and active species. As
stated by Fischer, “Whenever in a chemical system transient and persistent radicals are
formed with equal or similar rates, be it from the same or different precursors, their
cross-reaction products are produced with a surprisingly high selectivity, and the
otherwise prominent self-termination products of the transient radicals are virtually
absent. This is not because the self-termination reaction does not take place at all. Quite
on the contrary, this reaction combined with the reluctance of persistent species to
undergo any self-termination causes a buildup of a considerable excess of the persistent
over the transient species, and this excess then steers the reaction system toward the
cross-reaction channel. Hence, the system orders itself in time, and the self-termination
reaction of the transient radicals is important but it causes its own suppression.”25 In the
context of LRP, the transient radicals are those that propagate or terminate through
dimerization, while the persistent radical is the dormant chain-end from which the
transient radicals are derived.
This chapter will serve as an introduction to SET-LRP. Chapters 8 will provide
details of a computational study in the structure of Cu-catalysts in SET-LRP. Chapter 9
concerns computational studies on the electron-transfer process in SET-LRP. Chapter 10
449

describes a new model for the role of ligand in the disproportionation equilibrium of
Cu(I)X and its consequences for SET-LRP. Finally, in Chapter 11 SET-LRP is applied in
conjunction with thio-bromo click chemistry to provide rapid access to dendritic
macromolecules.

7.2 The Path to SET-LRP and SET-DTLRP: Sulfonyl Halides as
“Universal” Initiators for Cu-Catalyzed LRP
7.2.1 Cuprous Halide Catalysts for LRP Initiated with Sulfonyl Halides
The first metal-catalyzed LRP was developed in 1990 by Otsu.17 A very
successful Co-mediated LRP was reported by Wayland in 1994.18 In 1994, Sawamoto
described the first metal-catalyzed LRP of methyl methacrylate (MMA) initiated with
CCl4 using RuIICl2(PPh3)326-27 as a catalyst and later Matyjaszewski applied the
CuICl/2,2’-bipyridine (bpy) system, that was previously well established for radical
reactions,28 to the LRP of styrene (Sty) initiated with 1-phenylethyl chloride and coined
the term Atom Transfer Radical Polymerization (ATRP),29 as it was believed that the
polymerization was based on an Atom Transfer Radical Addition (ATRA) mechanism.3032

That same year the Percec laboratory reported the first CuCl/bpy-catalyzed LRP of Sty

initiated with arenesulfonyl chlorides.33 Arenesulfonyl halides were known to undergo
efficient ATRA to olefins in the presence of CuICl/CuIICl234 and RuIICl2(PPh3)235
catalysts. Using a variety of para-substituted arenesulfonyl chlorides (p-RBSC, R={NO2,
H, F, Cl, CH3, OCH3}), a diverse array of chain-end functionalized polystyrenes (PS)
with acceptable polydispersities (Mw/Mn = 1.48-1.80) were produced in bulk. In this bulk
polymerization of Sty, regardless of the ratio between CuICl and bpy employed the
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catalyst is only partially solubilized and thus the activation and deactivation processes are
heterogeneous. The predictability of molecular weight evolution and distribution and the
overall conversion in the CuICl/bpy-catalyzed LRP of Sty initiated with pmethoxybenzenesulfonyl chloride (MBSC) was greatly improved (Mw/Mn ~ 1.3-1.5)
through the use of solvents (e.g. anisole, dioxane, and xylenes) that better solvated the
CuICl/bpy and CuIICl2/bpy complexes and with more soluble derivitized bpy ligands,
thereby providing a homogenous LRP process.36 With more complete kinetics accessible
via the homogenous polymerization, it was first observed that the rate of initiation of
arenesulfonyl chlorides was significantly faster than the rate of propagation of Sty. A
more precise study with multiple monomers including Sty, MMA, butyl methacrylate
(BMA), and butyl acrylate (BA), demonstrated that depending upon the monomer
structure the rate of initiation of arenesulfonyl chlorides is three to five orders of
magnitude faster than the rate of propagation.37 This dramatic difference in rates allowed
for complete separation of these two processes via temperature.38-40 An expanded library
of arenesulfonyl chloride, 40-41 arenedisulfonyl chloride,37, 40 and alkylsulfonyl chloride41
initiators was synthesized and tested in the CuICl/bpy-catalyzed LRP of Sty, MMA, and
BMA (Figure 7.1). In all cases a complete separation of initiation and propagation was
observed and initiator efficiency (Ieff) was 100%. This phenomenon allowed us to
establish arenesulfonyl chlorides and arenedisulfonyl chlorides as the first “universal”
class of functional initiators for the metal-catalyzed LRP of Sty, methacrylates, and
acrylates, wherein initiation is quantitative and significantly faster than propagation
regardless of the substitution pattern of the initiator or monomer.
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Figure 7.1 - Structures of sulfonyl chlorides used as initiators in the CuICl, Cu0, and
Cu2O/bpy-catalyzed LRP.
7.2.2 Cu0 and Cu2O Catalysts for LRP Initiated with Sulfonyl Chlorides
Inspired by a review by Minisci42-43 which mentioned that the FeCl2-catalyzed Karasch
addition of alkyl halides was accidentally discovered during the polymerization of
acrylonitrile in CHCl3 and CCl4 in a steel autoclave and also by a series of publications4448

from a Hájek and Silhavy from 1974-1992 detailing the role of zero-valent metals and

metal oxides as redox catalysts for radical additions to olefins we began investigating
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their use in metal-catalyzed LRP. In 1998, Percec discovered that Cu0/bpy (powder, wire,
films, coins), Cu2O/bpy, and mixtures thereof could be utilized in a self-regulated phasetransfer catalyzed (PTC) LRP of BMA and Sty initiated by arenesulfonyl chlorides and
alkylsulfonyl chlorides and mediated by multidentate acyclic neutral ligands (Figure 7.2),
including octopus-like compounds, poly(ethylene glycol) (PEG), and ethylene glycol.49
Control of molecular weight evolution and distribution in the heterogeneous PTC
systems typically exceeded those observed in CuICl/bpy catalyzed LRP initiated with
arenesulfonyl chlorides (Mw/Mn = 1.07-1.44). In CuICl, Cu0, and Cu2O catalyzed LRP of
BMA initiated with MBSC, kpapp could be enhanced through the addition of carboxylate
salts via modification of the active species to a metal carboxylate.50
In the heterogeneous PTC LRP of BMA, Cu0 provided the greatest rates of
polymerization. At the time, it was suggested that Cu0 and Cu2O mediated LRP of BMA
and Sty initiated with arenesulfonyl chlorides and alkylsulfonyl chlorides proceeded at
early stages by initiation via bulk metal or metal oxide, but that at later stages reactivity
was dominated by CuICl/bpy generated in situ. The relatively fast apparent rate constants
of propagation, kpapp, were thought to be due to the reduction of CuIICl2/bpy levels via
reaction with Cu0, a hypothesis that was also noted by those pursuing CuICl catalysts for
ATRP.51 In retrospect, it is now evident that all initiations of sulfonyl halides with Cu0 or
Cu2O are likely to proceed through a heterogeneous outer-sphere SET process. The
extremely high rate of initiation with sulfonyl halides coupled with their high electron
affinity and their experimentally observed ability to form radical-anion intermediates,52
suggests an outer-sphere SET-process even for homogenous donors and presumably
inner-sphere donors such as CuICl/bpy. Given the large excess of Cu0 and Cu2O relative
to the levels of CuICl/bpy generated in situ as well as the possibility of disproportion of
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CuICl in the presence of polar phase transfer catalysts, it is also likely that activation of
dormant halides could proceed via competitive pathways, one being homogeneous
CuICl/bpy activation, and the other being heterogeneous Cu0 or Cu2O activation. Early
experiments with Cu0 and Cu2O, which were later verified in greater depth, demonstrated
that the surface area of the catalyst was the most important factor for the control of the
rate of polymerization.49

Figure 7.2 - Multidentate Phase Transfer Catalysts (PTC) used in the Cu0/Cu2Ocatalyzed LRP of Sty and BA initiated with sulfonyl halides.
While, Cu0 and copper oxides were previously known to participate in ATRA reactions
and their use was able to be expanded to metal-catalyzed LRP, less was known about
other CuI and CuII salts. CuS and CuSe were known to participate in some radical
reactions, but the use of CuY and Cu2Y (where Y = S, Se, or Te) in radical
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polymerizations was not reported. To achieve greater understanding of the heterogeneous
activation process, the catalytic activity of a complete series of known CuI and CuII salts
in the LRP of MMA initiated with phenoxybenzene-2,2’-disulfonyl chloride (PDSC) in
Ph2O at 90 °C was examined.53 For CuY compounds the rates decreased monotonically
in the order Y = Se > S > O. Likewise for Cu2Y compounds the rates decreased in the
order Y = Te > Se > S > O. For all cases, except for CuO which had a negligible rate,
poor Ieff and low conversion, the control of molecular weight distribution was excellent
(Mw/Mn = 1.11-1.13). An identical series of experiments using organo-copper species
CuSBu, CuSPh, and CuC≡CPh also demonstrated compatibility with an LRP process,
achieving very good control of molecular weight distribution (Mw/Mn = 1.10-1.32).54 The
rates

were

comparable

with

copper

salts

and

decreased

in

the

order

CuSBu>CuSPh>CuC≡CPh. As before, the original assumption was that both CuI and CuII
salts as well as organocopper species, mediate LRP via the in situ production of CuICl
active catalyst. However, it is now believed that all initiation events to the sulfonyl
chlorides proceed through a SET process, and that the mechanism at later stages of
polymerization is complex.

7.2.3 Arenesulfonyl Bromides, Arenesulfonyl Iodides, and N-Centered Initiators
Following the development of arenesulfonyl chlorides and alkylsulfonyl chlorides
as the first universal class of functional initiators for Cu-catalyzed LRP, we explored the
possibility of other arenesulfonyl halides, specifically arenesulfonyl bromides. Two
arenesulfonyl bromides p-toluenesulfonyl bromide (TsB) and phenoxybenzene-2,2’disulfonyl bromide (PDSB), were synthesized by converting the corresponding
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arenesulfonyl chlorides to arenesulfonyl hydrazides followed by oxidative bromination
with molecular bromine.55 These arenesulfonyl bromides could be used as initiators in
the LRP of MMA, BA, and Sty in Ph2O catalyzed by CuIBr/bpy, Cu2O/bpy, Cu2S/bpy,
Cu2Se/bpy, and Cu2Te/bpy. Like their arenesulfonyl chloride analogs, they provided
perfect Ieff and polymers with excellent control of molecular weight distribution (Mw/Mn
= 1.10-1.37). Further, arenesulfonyl bromides had a diminished induction time and
allowed for polymerization under milder conditions (60 C, as opposed to 90 °C for
arenesulfonyl chlorides). Thus, arenesulfonyl bromides serve as the second “universal”
class of functional initiators for Cu-catalyzed LRP.
In a similar fashion p-toluenesulfonyl chloride (TsC) was converted to the
corresponding arenesulfonyl hydrazide and oxidatively iodinated with molecular iodine55
to form p-toluenesulfonyl iodide (TsI). Like TsB, TsI provides access to PMMA and PS
with good control of molecular weight evolution and distribution (Mw/Mn = 1.19-1.52)
via a mild (70 °C) Cu-catalyzed LRP process, providing the third “universal” class of
functional initiators for Cu-catalyzed LRP.56 The narrow molecular weight distribution
observed with TsI indicates that the activation and deactivation in this LRP is faster than
chain transfer. As with TsB, various Cu catalysts are practical such as Cu0/bpy,
Cu2O/bpy, Cu2S/bpy, Cu2Se/bpy, Cu2Te/bpy, CuCl/bpy, CuBr/bpy, CuI/bpy. Moreover,
if CuCl/bpy or CuBr/bpy is employed as the catalyst, halogen exchange is observed
resulting in polymers with chloride or bromide functional chain ends respectively. Thus,
through variation of the catalyst polymers with either Cl, Br, or I chain ends can be
synthesized using a single initiator.
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While the major impact of sulfonyl halides as initiators for Cu-catalyzed LRP is
their “universality,” the original motivation for their development was to provide a
greater diversity of end-group functionality. Along similar lines, N-chloro initiators were
pursued to expand the breadth of functional initiators and to provide the opportunity for
graft polymerization from N-chloro proteins. A variety of N-chloro initiators were
synthesized from their precursor amides, lactams, and carbamates via chlorination with
calcium hypochloride Ca(OCl)2 or sodium hypochloride NaOCl (Figure 7.3).57

Figure 7.3 - Structures of N-chloro initiators used in Cu-catalyzed LRP and their Ieff.
In clear contrast to sulfonyl halide initiators, N-chloro initiators are not
“universal” with initiator efficiencies that are highly dependent on their structure.
Specifically N-chloro lactams and N-chloro benzamides appear to have the highest
initiator efficiencies (83-93%), while N-chloro imides exhibit the lowest. Despite the
variability in initiator efficiency, all polymerizations using N-chloro initiators exhibit
excellent molecular weight evolution and distribution (Mw/Mn = 1.16-1.38) and possess
intact chain-end functionality.
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7.2.4 TERMINI. The First Iterative Method Based on LRP
In 1996, Percec reported the first LRP of acrylonitrile (AN) initiated with alkyl halides
and catalyzed by CuIBr/bpy in ethylene carbonate.58 Later, this technique was improved
upon through the use of CuIBr/bpy, CuICl/bpy, Cu2O/bpy, and CuO/bpy catalysts in
conjunction with arenesulfonyl chloride and alkylsulfonyl chloride initiators.59 In that
report, the use of multifunctional initiators was explored for the synthesis of branched
polymers, specifically the use of 1,1,1-tris(4-chlorosulfonylphenyl)ethane (3PSC) to
produce a three-arm star polyacrylonitrile (PAN).
The Percec laboratory is also involved in the development of dendrimers and related
routes to complex molecular architectures (See Chapter 2,4, and 5) and therefore, became
interested in utilizing the self-regulated Cu2O/bpy LRP initiated with arenesulfonyl
chlorides for the production of dendritic macromolecules from commercial monomers by
using for the first time LRP in an iterative synthesis. Each branch in this dendritic
architecture would be separated by a tailored polymeric arm with different degrees of
polymerization. This technique provides a diversity of dendritic architectures that are not
accessible via conventional iterative methods (Figure 7.4). Low DP spacers are rigid
(Figure 7.4a), while increasing DP results in flexible random-coil spacers (Figure 7.4b),
and ultimately spacers that exhibit chain-chain entanglement (Figure 7.4c).
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Figure 7.4 - Dendritic macromolecules with tailored polymer spacers between the
branching points of (a) low DP (b) medium DP (c) high DP. Red ellipsodes are
TERMINI branches and F represents functional chain ends. Reprinted with permission
from ref.60. Copyright 2003 American Chemical Society.
Arenesulfonyl chlorides have perfect Ieff and thermally separable initiation and
propagation steps. Thus, a branched arenesulfonyl halide initiator, such as 3PSC, could
be perfectly extended into a 3-arm-star polymer. However, in order to produce dendritic
macromolecules, an efficient method was needed to convert the chain ends into branched
initiation sites. One possibility that emerged was to introduce into the reaction mixture at
a specified conversion a more reactive monomer as an irreversible chain terminator that
contained a branching point and two “masked” initiator sites. The Percec group
developed a “masked” sulfonyl halide61 (Scheme 7.1) that could terminate the
polymerization, via loss of TBDMSCl (tert-butylchlorodimethylsilane), and in
subsequent step be unmasked to reveal two new arenesulfonyl chloride initiator sites. A
library of other TERMINI molecules was prepared and investigated in order to select the
most efficient TERMINI.62
Thus, this molecule would serve as a TERminator Multifunctional INItiator
(TERMINI).60 Through the TERMINI concept an array of complex dendritic
architectures were synthesized, allowing us to move toward self-assembly and complex
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architectures with dendritic polymers generated from conventional, commercial
monomers (Scheme 7.1 and Figure 7.4).60, 63 The TERMINI strategy demonstrated the
ability to use LRP in iterative chemical synthesis. In Chapter 11, a new strategy for the
use of LRP, specifically SET-LRP, in iterative synthesis is disclosed.

Scheme 7.1 - Synthesis of Dendritic Macromolecules via the TERMINI Concept and
LRP. Adapted with permission from ref.60. Copyright 2003 American Chemical Society
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7.3. SET-DTLRP
7.3.1. Toward the LRP of Vinyl Chloride (VC)
Cu0 Overcomes the Challenge of Reactivation Required for the Living Radical
Polymerization of VC: Poly(vinyl chloride) (PVC) is one of the most important
thermoplastic materials. The only method available for the production of PVC is freeradical polymerization in suspension, emulsion, and bulk. In the absence of additives,
PVC is brittle, has a broad molecular weight distribution, contains relatively few intact
chain ends, and possesses tertiary chloride and allyl chloride structural defects that lead
to zipper-like dehydrochlorination reactions when the temperature is elevated above Tg.
To combat these deficiencies, PVC is stabilized with organometallic compounds that are
added to inhibit decomposition. Other PVC topologies such as telechelics,
macromonomers, stars and block copolymers were not accessible via conventional
radical polymerization. An LRP of VC would provide precise molecular weight and
molecular weight distribution, perfect chain-end functionality allowing for the use of
PVC as a macroinitiator in block co-polymerization, likely suppress the formation of
structural defects known to limit performance, and allow access to other even more
complex topologies. Further, PVC is a widely used polymer in medical applications and
potential health concerns have been raised regarding the release of plasticizers such as
di(2-ethylhexyl)phthalate (DEHP) from PVC containing devices. As an LRP process
would provide access to effective PVC/elastomer copolymers, plasticizers would no
longer be needed to produce flexible PVC based tubing and other medical applications. A
LRP of VC could herald a new era of commercial PVC and allow for the production of
tailored PVC homopolymers, block copolymers, or polymers with complex architecture.
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As late as 2001, the LRP of VC remained a challenge to the entire polymer
community. Metal-catalysis has been shown to provide access to LRP processes, granting
improved control of molecular weight evolution and distribution, retention of end-group
functionality and suppression of defect-causing side reactions in polyacrylates,
polymethacrylates, polystyrenes, and even polyacrylonitriles. Unfortunately, the
application of such techniques to the synthesis of PVC presents a unique challenge. Even
the most active CuIX complexes pursued for ATRP have failed to reactivate the relatively
inert ~CHClX end groups.64 It was suggested that the development of more powerful
ATRP catalysts might allow for the polymerization of monomers that form highly stable
end-groups: “Future catalysts may provide sufficient reactivity for other monomers that
cannot be polymerized using current ATRP catalysts. For example, a monomer that
would generate a more stable halogen end group, such as vinyl acetate (chloroacetoxy
ethane), vinyl chloride (dichloroalkane), or ethylene (bromoalkane), does not polymerize
using the current catalysts due to its low Keq.”64 However, to date no such ATRP catalyst
has been developed for the polymerization of VC. Continuing our concurrent
investigations which began with the development of CuIX, Cu2X, and Cu0 catalysts for
use in sulfonyl halide initiated LRP, we began to screen Cu and other metal catalysts for
the LRP of VC. While low oxidation state metal complexes such as CuIX/bpy (where X =
Cl, Br, I) and organocopper species CuSPh/bpy and CuC≡C-Ph/bpy were found to be
capable of mediating initiation and primary radical generation in the polymerization of
VC, subsequent reactivation of stable ~CHClX end-groups was negligible and therefore,
CuIICl2/bpy generated in situ via initiation serves as an irreversible chain terminator.
Work on sulfonyl halide initiated polymerization provided reason to look beyond CuICl
and related catalysts. Somewhat surprisingly, it was found that zero-oxidation state
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metals including Fe0/o-phenanthroline and Cu0/bpy were particularly apt at mediating
reactivation of dormant ~ CHClI chain-ends of PVC derived from iodine-containing
initiators in ortho-dichlorobenzene (o-DCB).65

Cu0 Catalyzed SET-DTLRP of VC via the Disproportionation of CuI: While the
superior activity of Cu0 toward reactivation in VC was a definitive breakthrough, it did
not immediately lead to a LRP process. In ATRP and many other metal-mediated LRP
processes, the living behavior is achieved through the reversible termination of
propagating radicals. By reducing the concentration of active radicals, deleterious side
reactions such as bimolecular termination are suppressed. The ratio between active and
dormant chains is shifted to dormant species through bimolecular termination at the early
stages of the reaction that irreversibly builds up levels of higher oxidation state
deactivators, mediating the so-called persistent radical effect (PRE) that provides an
internal suppression of fast reactions (Scheme 7.2).25

Scheme 7.2 - Establishment of the Persistent Radical Effect (PRE) in ATRP
If bimolecular termination were the predominant side-reaction of propagating
macroradicals in PVC, a PRE-based method to shift the equilibrium of dormant and
active species towards the dormant species would be possible. However, the free-radical
polymerization of VC is plagued by one of the largest values of chain-transfer constant to
monomer (CVC = 1.08 x 10-3 to 1.28 x 10-3). Thus, even though Cu0 is capable of
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mediating reactivation, chain transfer to monomer (Scheme 7.3, lines 4 and 5) dominates
over bimolecular termination (Scheme 7.3, Line 3), preventing the establishment of the
PRE through build-up of Mn+1XY levels.

Scheme 7.3 - Side-reactions in the Radical Polymerization of VC
The seemingly intractable problem of control in metal-catalyzed polymerization
of VC caused by the inability of achieving requisite levels of higher oxidation state metal
through bimolecular termination was eventually circumvented through an alternative
means of deactivator generation. CuIX/N-Ligand, the noted activator in ATRP, can be
generated in situ via initiation or activation with Cu0, Cu2O, and other CuI salts.
However, CuIX/N-Ligand is known to be extremely unstable to disproportionation in
water (Equations 1,2).66-73
2CuIX

Cu0 + CuIIX2

K dis  [Cu II X 2 ][Cu I X]-2  0.54 106 to 5.8 107 M -1

(1)

(2)
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While disproportion of CuIX has been regarded as an unwanted side reaction in
ATRP,74 it can be harnessed for useful purposes. Given the extremely high Kdis and the
low total CuIX concentrations in a typical Cu-catalyzed polymerization, if such a reaction
were to be carried out in the aqueous phase, at steady-state only a negligible amount of
CuIX would remain, the bulk being spontaneously converted to Cu0 and CuIIX2. For
every equivalent of Cu0 that is used in an activation process, an equivalent of CuIX will
be produced, rapidly regenerating ½ equivalent of Cu0 and generating ½ equivalent of
CuIIX2 via disproportionation. Likewise for every equivalent of CuIIX2 involved in a
deactivation process, an equivalent of CuIX will be produced, rapidly regenerating ½
equivalent of CuIIX2 and generating ½ equivalent of Cu0 via disproportionation. Thus, in
a heterogeneous polymerization performed with Cu0, Cu2O, or a related Cu2Y salt,
disproportionation would serve as a feedback process wherein reactive Cu0 activator is
maintained throughout the reaction and far more pertinent CuIIX2 deactivator is regulated
at a relatively constant level without the need for either bimolecular termination or
external addition of CuIIX2.
This hypothetical method to regulate the equilibrium of the reaction via
disproportionation was made into reality, allowing for the first LRP of VC, later renamed
SET-DTLRP as it combines SET and DT processes.75 Remarkably, Cu0, Cu2O, and
Cu2Te in conjunction with certain N-ligands that strongly bind CuIIX2, namely tris(2aminoethyl)amine (TREN) or polyethyleneimine (PEI), mediate the LRP of VC initiated
with iodoform (CHI3) in 1:1 H2O/THF at 25 °C. PVC obtained in this fashion exhibited
predictable molecular weight evolution and distribution (Mw/Mn ~ 1.5-1.6) and perfect
chain-end functionality as confirmed by NMR and re-initiation experiments. The perfectchain end functionality allowed for the first time the possibility of performing block co465

polymerization using a PVC macroinitiator. CuICl/TREN, CuIBr/TREN, and CuII/TREN
were able to mediate a similar LRP process, through the disproportionation of the
CuIX/TREN complex prior to polymerization. When CuICl/TREN and CuIBr/TREN are
used as catalysts halogen exchange is expected, resulting in extremely unreactive
~CH2CHCl2 and ~CH2CHClBr end groups, further highlighting the remarkable activity
of bulk Cu0 and ‘nascent’ Cu0 produced via disproportionation. The kinetic plots of the
Cu0 catalyzed LRP of VC exhibit two distinct domains. The first kinetic domain with
relatively faster kpapp corresponds to a liquid-liquid emulsion polymerization. The second
kinetic domain with a relatively slower kpapp corresponds to a visually identifiable solidliquid dispersion polymerization process. Later studies clarified the mechanism of the
Cu0-catalyzed LRP of VC as a competition between SET activation/deactivation and
degenerative chain transfer (Scheme 7.4).20
The inability to achieve extremely narrow polydispersities can be attributed to the
heterogeneity of the polymerization vis-à-vis the growing polymer chain and chain
transfer to THF. The use of anionic surfactant such as sodium dodecyl sulphate (SDS)
allows for the LRP process to be conducted without the addition of an organic co-solvent
such as THF. The Cu0/PEI-catalyzed LRP of VC in H2O using sodium dodecyl sulphate
(SDS) as surfactant, proceeds with only one kinetic domain (solid-liquid dispersion
polymerization), as PVC is not soluble in VC alone. Detailed 1H NMR,

13

C NMR and

multidimensional COSY and HMQC NMR experiments, revealed that in Cu0 catalyzed
LRP of VC in aqueous media CHI3 serves as a bifunctional initiator forming telechelic
α,ω-di(iodo)PVC with perfect chain end-functionality useful for ABA block
copolymerization or additional chain-end functionalization. Further, it was found that the
polymer was free of branching or unsaturated structural defects and that the resulting
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PVC has a higher syndiotacticity (62%) than that obtained by a free-radical process at the
same temperature (56%).

Scheme 7.4 - SET Mechanism of Cu0-Catalyzed LRP of VC in Aqueous Media at RT
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Scheme 7.5 - Proposed Mechanism of SET-DTLRP of VC in H2O

Non-Transition Metal Mediated SET-DTLRP. The compatibility of Cu0 catalyzed

LRP of VC with an aqueous reaction makes the reaction more environmentally benign
than those conducted in organic media. The process could be made even more ecofriendly via the replacement of Cu0 with a non-transition metal catalyst. While, PVC
prepared via Cu0 is typically a white powder indicating a low-metal content, it would
nevertheless still be beneficial to completely eliminate any metallic impurities. The Cu0
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catalyzed LRP of VC in aqueous media is dominated by competitive SET
activation/deactivation and degenerative chain transfer. It seemed reasonable that Cu0
could be replaced with an environmentally benign water soluble reductant, such as
sodium dithionite (Na2S2O4). Rewardingly, Na2S2O4/NaHCO3 was able to mediate the
‘green’ LRP of VC initiated with CHI3 in water at 25 °C with the aid of various
suspension agents76 including hydroxypropyl methyl cellulose (Methocel F50), 72.5%
hydrolyzed poly(vinyl acetate) (Alcotex 72.5), and poly(vinyl alcohol) containing 11-13
% acetate groups (PVA 88) as well as in the presence of electron-transfer co-catalysts
1,1’-dialkyl-4,4’-bipyidinium dihalides and alkyl viologens.77-79 The resulting PVC
exhibited predictable molecular weight evolution and distribution as compared to the
Cu0-catalyzed LRP process. Likewise, it is free of structural defects, exhibits perfect
telechelic chain-end functionality, and has higher thermal stability80 and syndiotacticity
than commercially available PVC.
The similarity of the PVC obtained by Cu0-catalyzed and Na2S2O4-catalyzed
SET-DTLRP suggest a similar mechanism. Specifically, the S2O42- dianion has a small
but definitive dissociation constant in water, Kd ~ 10-6 mM. Dissociation of S2O42- results
in the formation of 2SO2-•. SO2-• serves as an electron-donor to mediate the SET
activation of the initiator and dormant polymer chains. Na2S2O4 also serves in a second
role, scavenging oxygen, a strong inhibitor of radical polymerization process. NaHCO3
buffer maintains the basic pH, shown to be helpful in aqueous VC polymerization,
prevents decomposition of Na2S2O477 and consumes SO2 liberated after SET reduction
via SO2-•. Absence of NaHCO3 and excess SO2 has been shown to inhibit the Na2S2O4
mediated LRP of VC. Thus, it is possible that low residual levels of SO2 that are not
eliminated by NaHCO3 can also reversibly add to propagating radicals to form an
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alternative dormant species, as is the case with perfluoroalkyl radicals77,

81

and in the

copolymerization82 of VC with SO2. As the LRP of VC catalyzed by Na2S2O4/NaHCO3
in water combines SET activation with degenerative chain transfer (DT), the resulting
polymerization was also classified as SET-DTLRP (Scheme 7.5). Though, the name was
coined for Na2S2O4/NaHCO3 catalyzed LRP in water, Cu0/TREN or PEI and Cu2X/TREN
or PEI catalyzed LRP of VC in THF/H2O mixtures is also a SET-DTLRP process.

7.3.2 Applications of SET-DTLRP

Prior to the development of SET-DTLRP conventional free-radical polymerization was
only able to produce VC up to a maximum Mn = 113,000. Sodium dithionite mediated
SET-DTLRP has been used to prepare ultrahigh molecular weight PVC, Mn = 200,000
(Mw/Mn = 1.70).83 The resulting polymer is defect free and has a higher Tg (93 C) than
commercial PVC. Recent work, has shown that PVC-b-poly(isonorbornyl acrylate)-bPVC prepared via SET-DTLRP exhibits even higher Tg (100-133 °C).84 SET-DTLRP is
not restricted to the synthesis of PVC. SET-DTLRP mediated by Na2S2O4/NaHCO3
initiated with CHI3 in water has been applied to the polymerization of a variety of
acrylate monomers including: ethyl acrylate (EA),85 n-butyl acrylate (BA),86-87 i-butyl
acrylate (iBA),87 t-butyl acrylate (tBA),87-88 lauryl acrylate (LA),89 2-ethylhexyl acrylate
(2EHA)88,

90

and 2-methoxy ethyl acrylate (MEA).91 The SET-DTLRP of EA was

effectively scaled up for use in a pilot plant.85 The SET-DTLRP of MEA provided for the
first power relationship between Mw and  or Rg.91 The SET-DTLRP of t-BA allowed for
the ultrafast synthesis of ultrahigh molecular weight α,ω-di(iodo)Pt-BA with excellent
control of polydispersity (MnGPC = 823,150, Mw/Mn = 1.15).88 SET-DTLRP of VC
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initiated with CHI3 results in a telechelic polymer with identical chain ends, forming a
polymer with the structure, I(ClCHCH2)mCHI(CH2CHCl)nI. A unique telechelic polymer
with asymmetric functional chain ends can be achieved via SET-DTLRP of VC initiated
with methylene iodide (CH2I2), to form a polymer with the structure, ICH2(CH2CHCl)n92
1CH2CHClI.

CHI3 serves as a bifunctional initiator in SET-DTLRP and is suitable for

the synthesis of macroinitiators for ABA block-copolymerization, whereas CH2I2 serves
as a monofunctional initiator and is suitable for the synthesis of macroinitiators for AB
block copolymerization. Other α,ω-di(iodo)PVC samples were prepared via SET-DTLRP
initiated

by

bis(2-iodopropionyloxy)ethane

(BIPE),

2,5-diiodohexanediothoate

(DMDIH), and bis (2-methoxyethyl) 2,5-diiodohexanedioate (BMEDIH).93 Similarly,
four-arm star PVC and PBA were synthesized via SET-DTLRP initiated with
pentaerythritol tetrakis(2-iodopropionoate) (4IPr).93 SET-DTLRP of PVC initiated with
α,ω-di(iodo)-PBA and four-arm star PBA macroinitiator, provided PVC-b-PBA-b-PVC9496

and four-arm star block copolymer [PVC-b-PBA-CH(CH3)-CO-O-CH2]4C,97

respectively. Perhaps most significant, the use of Cu0/TREN catalyzed SET-DTLRP
provided the first general approach for the synthesis of ABA block copolymers with PVC
in the B block.98 Cu0/TREN catalyzed SET-DTLRP provided α,ω-di(iodo)PVC
macroinitiators with Mn’s of 2100-29,800 (Mw/Mn = 1.66-2.16). These macroinitiators
were subsequently used in the CuCl/bpy-catalyzed polymerization of MMA at 90 C to
provide PMMA-b-PVC-b-PMMA block copolymers with Mn up to 95,700 with excellent
control of molecular weight distribution (Mw/Mn = 1.21).
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7.3.3. From the SET-DTLRP of PVC to the LRP of (Meth)Acrylates in DMSO

Following the discovery of Cu0/TREN as an effective catalyst for the SETDTLRP of VC initiated with CHI3 in THF/H2O,75 efforts were focused on the
development of methods for the synthesis of ABA triblock copolymers containing PVC
as the B-block. It was first demonstrated that PVC prepared via SET-DTLRP initiated
with CHI3 exhibited high chain-end functionality and therefore, could be employed as a
macroinitiator for the CuICl/bpy catalyzed polymerization of MMA in Ph2O at 90 °C to
produce PMMA-b-PVC-b-PMMA with Mw/Mn = 1.2.98 This was not a trivial result since
the CuIII2 generated during this process is known to be unstable. In a later study, the
synthesis of PMMA-b-PVC-b-PMMA was optimized by screening various CuIX and Cu0
catalysts, N-ligands, and solvents capable of dissolving telechelic diiodo-PVC
macroninitiator including Ph2O, DMSO, cyclohexanone, and ethylene carbonate.331 A
nearly 3-fold acceleration in rate could be achieved by utilizing CuICl/Me6-TREN in
DMSO at 90 °C for the polymerization of MMA initiated by telechelic diiodo-PVC as
compared to CuICl/bpy in Ph2O at 90 °C. In the same study, Cu0/Me6-TREN in DMSO at
90 °C was also demonstrated to be a competent catalyst for the LRP of MMA initiated
with telechelic diiodo-PVC.99 A second screen of N-ligands revealed that in fact Me6TREN and to a lesser extent TREN provided for the most rapid LRP of MMA initiated
with telechelic diiodo-PVC in DMSO yielding high conversion to PMMA-b-PVC-bPMMA in 15 min at 90 °C or 60-100 min at 25 °C.100 Additionally, it was shown that
increasing the concentration of DMSO as solvent enhanced both the rate of the reaction
and initiator efficiency.100 The ‘catalytic effect’ of DMSO on the CuIX and Cu0/N-ligand
catalyzed LRP of MMA was evaluated through the use CH3CHClI, CH2I2 , CHI3, and
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F(CF2)8I as small molecule models for the geminal chloroiodo chain ends of telechelic
diiodo-PVC.101 Amongst all catalysts, ligands, and solvents surveyed, the highest rates of
polymerization and initiator efficiencies were found for Cu0/M6-TREN-catalyzed LRP of
MMA initiated with CH3CHClI at 25 °C in DMSO. Upon lowering the reaction
temperature to 0 °C the reaction still proceeded, but with lower rate and initiator
efficiency.101 In the range of concentrations studied for toluene/DMSO mixtures, an
external order of reaction of nearly 1 for DMSO was observed.101 In addition to PMMAb-PVC-b-PMMA,100 PMA-b-PVC-b-PMA was prepared through the Cu0/Me6-TREN
catalyzed LRP of MA in DMSO at 25-90 °C.102 At the time these experiments were
performed, it was not clear if these results were providing a departure from SET-DTLRP
since only iodo-containing dormant species were used. The observations regarding the
catalytic effect of DMSO with CuICl or Cu0 as catalysts were later attributed in the first
publication of SET-LRP27 to the disproportionation of CuIX/Me6-TREN in DMSO, and
in a later study, also to its high polarity and corresponding ability to accelerate electrontransfer via the stabilization of polar intermediates.103
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Figure 7.5 - Diversity of PVC and combined PVC-polyacrylate structures produced via
SET-DTLRP.
7.3.4

Perspective on SET-DTLRP

SET-DTLRP has opened the doorway to the LRP of VC and the synthesis of complex
molecular architectures with PVC blocks. While control of molecular weight distribution
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is better in SET-LRP, especially in the case of acrylates, SET-DTLRP variants utilizing
non-transition metal catalysts and aqueous media provide for ‘green chemistry’.

7.4. Single-Electron Transfer Living Radical Polymerization
(SET-LRP)
SET-LRP is the direct descendent of SET-DTLRP, wherein the DT process has
been suppressed through appropriate reaction conditions.21 SET-LRP is a robust
methodology that allows for the ultrafast synthesis of linear polyacrylates,
polymethacrylates, and poly(vinyl chloride) with ultrahigh molecular weight at room
temperature or below. Polymers produced via SET-LRP exhibit predictable molecular
weight evolution and distribution, perfect retention of chain-functionality, no detectable
structural defects, and are colorless without any purification. In SET-LRP the balance
between dormant and active chains is mediated by an outer-sphere heterolytic SET104-105
activation process via Cu0 surfaces and deactivation with CuIIX2/N-Ligand. Cu0 activator
and CuIIX2/N-Ligand deactivator are maintained at requisite levels through the rapid
disproportionation of in situ produced CuIX mediated by the appropriate choice of NLigand and solvent.

7.4.1. Preparative Characteristics of SET-LRP
Ultrafast Polymerization at Room Temperature: Compared to other metal-catalyzed

LRP processes, SET-LRP is significantly more rapid. A typical SET-LRP of MA
initiated

with

methyl

2-bromopropionoate

(MBP)

in

DMSO

at

25

C

([MA]/[MBP]/[Cu0]/[Me6-TREN] = 222/1/0.1/0.1 can achieve complete conversion in
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maximum 50 min, to achieve PMA with Mn ~ 20,000. The kinetics of SET-LRP for a
given monomer to initiator ratio can be tuned by solvent concentration, changes in ligand
loading level, a change in the mass or surface-area of the homogenous catalyst, changing
the initiator structure, through supplementary addition of CuIIX2/N-Ligand deactivator, or
through a change in temperature. The external rate order of [DMSO]0 was calculated to
be roughly ~0.6-1.2.21 Increasing the ratio of monomer to polar solvent such as DMSO
tends to increase the rate of SET-LRP in concentrated mixtures. The role of ligand is
more complex. Increasing ligand levels has been observed to increase kpapp until a
maximum value is reached, while the absence of ligand results in no polymerization.
Studies where the total surface area of Cu0 was increased through variation of Cu0
particle size106 or through the use of extended Cu0 wire sources107 in the SET-LRP of
MA, have shown that nearly complete conversion can be achieved in under 15 min, while
maintaining similar levels of living character and perfect chain-end functionality. While
the external rate order of [Cu0]0 was original calculated to be ~ 0.51,108 the kpapp in the
SET-LRP of MA can be varied by approximately an order of magnitude through the
manipulation of Cu0 surface area. Other acrylate monomers proceed with similar kpapp to
MA, but monomers with lower inherent kp such as MMA or with low kact such as VC
proceed slower.

Linear Polymers with Ultrahigh Molecular Weight: Prior to the development of SET-

LRP the highest molecular weight linear polymers produced via metal-catalyzed LRP
processes were Mn = 300,000 for PBMA,38 Mn = 367,000 for PMMA,109 Mn = 554,000
for PMA,18 and Mn = 823,000 for Pt-BA.88 Unoptimized Cu0/Me6-TREN110 catalyzed
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SET-LRP of MA initiated with MBP in DMSO was able to provide the ultrafast (< 10h)
synthesis of ultrahigh molecular weight (UHMW) linear PMA of Mn = 1,420,000 with a
very narrow molecular weight distribution (Mw/Mn = 1.15).21 In the same report,
Cu0/PMDETA catalyzed SET-LRP of MMA initiated with 2,2-dichloroacetophenone
(DCAP) in DMSO was able to provide very high molecular PMMA, Mn ~ 150,000
(Mw/Mn ~ 1.25), in roughly 13 h. Unpublished results have also achieved UHMW PMMA
via this method. The remarkable ability of SET-LRP to achieve UHMW polymers is
largely attributed to its near complete suppression of termination reactions.

Predictable Molecular Weight Evolution and Distribution: In spite of the ultrafast

kinetics observed in SET-LRP, predictable molecular weight evolution and distribution
can be achieved. Unoptimized conditions for Cu0 powder catalyzed SET-LRP uniformly
exhibit a linear dependence of MnGPC with conversion and in excellent agreement with
Mth with Ieff 98+%. Cu0 powder-catalyzed SET-LRP typically results in polymers with
narrow polydispersity (Mw/Mn ~ 1.20-1.45 for monofunctional initiators and as low as
1.15 for bifunctional initiators). Cu2X (where X = Te, Se, S, O) catalyzed SET-LRP
achieves similar results. Cu0 - wire catalyzed SET-LRP is more effective when
monofunctional initiators are used resulting in narrower polydispersities (Mw/Mn < 1.15).
In addition to standard GPC techniques, the monitoring of molecular weight evolution
and distribution can be conducted in real-time via rapid chromatographic techniques such
as Polymer Laboratories’ Polymerization Monitoring and Control System (PL-PMC).111
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Perfect Retention of Chain-End Functionality: The complete retention of chain-end

functionality is necessary to achieve UHMW polymers and allows for the synthesis of
macroinitiators for block copolymerization. Preliminary NMR studies and the
observation that SET-LRP provides access to UHMW polymers supported the claim of
perfect retention of chain-end functionality.21 A contradictory report claimed imperfect
chain ends in SET-LRP.112
Following these initial reports, a series of in depth NMR, MALDI-TOF, and
reinitiation studies confirmed that indeed SET-LRP produces polymers with perfect
chain-end functionality. Comparison of the

1

H NMR integrals of initiator and

~CH(CO2Me)Br chain end protons demonstrates perfect retention of chain-end
functionality throughout the entire course of the reaction for Cu0/Me6-TREN catalyzed
SET-LRP

of

MA,108,

113-116

EA,113

and

BA113

initiated

with

bis(2-

bromopropionyloxy)ethane (BPE),113, 117 haloforms,114-116 and MBP107, 114-115 in DMSO at
25 C and for the Cu0/Me6-TREN catalyzed SET-LRP of MA initiated with BPE in 95:5
methanol/water118 at 25C. Interestingly, Cu0/Me6-TREN catalyzed polymerization of
MA initiated with MBP in solvents that do not mediate adequate disproportionation of
CuIBr/Me6-TREN such as toluene114 and MeCN115 exhibit a linear decrease in chain-end
functionality with conversion. In the non-disproportionating solvents toluene and MeCN
the final chain-end functionality is as low as 80% (Figure 7.12).114-115
MALDI-TOF-MS experiments were also used to confirm the structure of PMA,
PEA, and PBA samples produced via Cu0/Me6-TREN catalyzed SET-LRP in DMSO at
25 C. All PMA samples showed a single set of peaks corresponding to the halogen
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functionalized chain end108,

113, 116-117

(Figure 7.6). PEA and PBA samples showed

predominantly one set of peaks corresponding to halogen functionalized chain, but had a
trace subset of peaks corresponding to HBr elimination. As signals corresponding to
unsaturation were not evident in 1H NMR, the HBr elimination in PEA and PBA was
suspected to be a result of in-source decay (ISD) or post-source decay (PSD) in the
MALDI-TOF-MS experiment. This suspicion was confirmed through the end-capping of
the PEA and PBA samples with thiophenolate prior to MALDI-TOF-MS. Thiophenol
capped PEA and PBA provided only a single set of peaks corresponding to thiophenol
derivitized chain-ends.113

Figure 7.6 - Example MALDI-TOF-MS analysis of a PMA produced via Cu0/Me6TREN catalyzed SET-LRP of MA initiated with BPE in methanol/water (95/5 v/v) at
25C. Reprinted with permission from ref. 118. Copyright 2008 John Wiley & Sons, Inc.
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1

H NMR and MALDI-TOF-MS experiments provided structural analysis in

support of perfect retention of chain end functionality. Reinitiation experiments were
performed on a sample of telechelic α,ω-di(bromo)PMA produced via Cu0/Me6-TREN
catalyzed SET-LRP of MA initiated with BPE in DMSO at 25C. The initial polymer
MnGPC = 34,861 (Mw/Mn = 1.23) was extended via re-initiation and subsequent
polymerization to MnGPC = 498,053. The resulting polymer exhibited a narrow
polydispersity (Mw/Mn = 1.10) and a unimodal distribution indicating a perfect Ieff of the
macroinitiator and consequently, perfect retention of chain-end functionality.

Colorless Reaction Mixtures and Colorless Polymers: SET-LRP performed with Cu0

powder and Cu2Y salts even at catalyst loading levels in excess of 10% relative to
initiator, result in colorless polymerization mixtures and colorless polymers. Even larger
loading levels of Cu0 wire can be accommodated without discoloration. The absence of
color in the polymerization mixture and the resulting polymer is due to a combination of
four factors. 1) Cu0 as opposed to CuIX is used as the activator. 2) The atomic Cu0
produced via disproportionation that does not get used in activation agglomerates.
However, this process might be nucleated by the Cu0 wire powder or catalyst and thus it
does not impurify the reaction mixture. 3) Only a small fraction of the total Cu0 is
consumed in activation process, and the low levels of CuIX produced in situ are
eliminated via disproportion to regenerate Cu0. 4) CuIIX2 is produced via a self-regulated
disproportionation, therefore large excesses of CuIIX2 which result in green discoloration
are not produced via the typical PRE process. Other Cu-catalyzed LRP processes such as
ATRP require often tedious purification, such as column chromatography, of the polymer
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to remove discoloration and metal impurities.119-120 SET-LRP provides a more efficient
and economical route to colorless metal-free polymers. Even low MW PMA and PMMA
can be prepared via SET-LRP so as to contain <1 ppm Cu as determined by inductively
coupled plasma atomic emission spectroscopy (ICP-AES).
A quick test for a SET-LRP process is to examine the color of the reaction
mixture. Typical ATRP reactions using CuIX/bpy are darkly red or brown colored as a
result of charge transfer interactions between N-ligands and the copper species (Figure
7.7c,d). The precise color is solvent and ligand dependent and can change somewhat
during the course of the reaction due to changes in the relative abundance of CuI and CuII
species, the latter of which often has a green color (e.g. CuIIBr2/Me6-TREN). In SETLRP, reactions are colorless throughout when typical levels of monomer, initiator and
catalyst are employed (Figure 7.7a). When very low DP polymers are prepared or in the
presence of a non-disproportionating solvent where bimolecular termination is prevalent,
a light green color is sometimes observed due to the presence of higher levels of
Cu(II)X2/N-ligand. This same greenish color is observed in the CuIBr/Me6-TREN
catalyzed polymerization of MA in MeCN (Figure 7.7 b).
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Figure 7.7 - Representative colors of Cu-catalyzed LRP: (A) Cu(0)-wire catalyzed SETLRP of MA (the 12.5 cm of 20 gauge wire is wrapped around the stirring bar). Reaction
Conditions: [MA]o/[MBP]o/[Me6-TREN]o = 222/1/0.1; (B) CuIBr/Me6-TREN catalyzed
polymerization of MA in MeCN. Reaction Conditions: [MA]o/[MBP]o/[CuIBr]o/[Me6TREN]o = 222/1/0.1/0.1; (C) CuIBr/bpy catalyzed ATRP of MA in toluene
[MA]o/[MBP]o/[CuIBr]o/[bpy]o = 222/1/1/1; and (D) CuIBr/bpy catalyzed ATRP of MA
in MeCN [MA]o/[MBP]o/[CuIBr]o/[bpy]o = 222/1/1/1.
Use of Commercial Grade Reagents: In SET-LRP monomer, solvent, catalyst, initiator

and most ligands can be used as purchased from chemical suppliers with no need for
purification. SET-LRP is tolerant to radical inhibitors found in commercial monomers.
Even Me6-TREN, typically made in-house from commercially available TREN,110 can be
used without purification.

Other Experimental Considerations: The detailed discussion of the reaction conditions

employed for SET-LRP are beyond the scope of this review, and can be found in any of
the numerous references reported. However, some experimental details are of note. SETLRP is tolerant of unpurified and inhibited monomer, solvent, ligand, and initiator.
Additionally, in most cases the addition or residual presence of H2O is helpful rather than
harmful. Even oxygen is tolerated by SET-LRP as Cu0 will first react with oxygen to
form copper oxide which itself is an initiator for SET-LRP. However, in the presence of
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oxygen an induction period is observed as copper oxide initiates and disproportionates far
more slowly than Cu0 and CuIX respectively. On large scale, excess Cu0 can remove
oxygen more effectively than on small-scale, and therefore most laboratory experiments
must be rigorously degassed through sequential freeze-pump-thaw processes. Special
care in the process must be given when low melting point solvents are employed.

7.4.2. Monomer Compatibility

A variety of monomers have been used in SET-LRP (Figure 7.8). While the majority of
the monomers tested thus far are acrylates, a larger diversity of vinyl monomers is
expected to be compatible with SET-LRP.

Figure7.8 - Monomers used in SET-LRP.
Acrylates: SET-LRP has been used in conjunction with acrylates and acrylamides such

as MA, EA, BA, t-BA, solketal acrylate ((2,2-dimethyl-1,3-dioxolan-4-yl)methyl
acrylate),121 2-methoxyethyl acrylate (MEA),103 poly(ethylene glycol) methyl ether
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acrylate (PEGMEA),122 2-EHA,123 and N-isopropylacrylamide (NIPAM).123-125 With the
latter three monomers it was only realized recently that the reaction was proceeding by
SET-LRP.125 Due to the compatibility of SET-LRP with functional monomers such as 2EHA, PEGMEA, NIPAM, and solketal suggests a broad scope of monomers is expected.
Other acrylate monomers, have been tested with the related polymerization SET-DTLRP
including i-BA and lauryl acrylate, and due to the mechanistic overlap with SET-LRP are
expected to be compatible. Amongst the acrylates tested for SET-LRP kpapp and
molecular weight evolution and distribution are comparable.

Methacrylates: SET-LRP of MMA in DMSO as well as in ionic liquids126 has been

performed. Self-regulated Cu0/bpy and Cu2O/bpy catalyzed LRP has been shown to be
compatible with other methacrylate monomers such as BMA. Due to the lower intrinsic
kp of methacrylates, SET-LRP of MMA is about 5-10 times slower than SET-LRP of MA
under identical conditions. The SET-LRP of MMA is also feasible using 2-cyanoprop-2yl 1-dithionaphthalate (CPDN), a typical RAFT agent as an initiator. The syndiotacticity
for MMA prepared in this fashion was 0.67, which is close to what is observed for free
radical polymerization.127 Cu0/PMDETA-catalyzed SET-LRP of MMA initiated with
ethyl 2-bromoisubutyrate in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) was also
reported.128 Here, HFIP provided enhanced rate of polymerization even at low
temperatures from 0 to -18 °C, improved

molecular weight evolution, and also

enhancing syndiotacticity to 0.77, compared to 0.56-0.66 for free radical polymerization.
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Vinyl Halides: In the initial report of SET-LRP, compatibility with VC as a monomer

was demonstrated to provide DP = 350-700 PVC with very narrow polydispersity.21 In a
later report, the combination Cu0/CuBr2/TREN catalyzed SET-LRP initiated with CHBr3,
provided access to the synthesis of PVC with DP as low as 100 and as high as 1400.129
Based on calculations other vinyl halides, and fluorinated vinyl halides should be
compatible with SET-LRP. However, in the cases of vinyl bromide, a degree of halogen
exchange, is expected with the use of chloro or iodo containing initiators.

Other Monomers: While acrylates, methacrylates, and vinyl halides provide a large

scope of vinyl monomers in SET-LRP polymerization, there are still monomer classes to
explore. Specifically, the polymerization of acrylonitrile and styrenes has not been
explored in any depth. Both, acrylonitrile and styrene were polymerized via selfregulated Cu2O/bpy catalyzed LRP initiated with sulfonyl halides and computational
studies have suggested similar BDE profiles104 as with acrylates, methacrylates and vinyl
halides, suggesting their compatibility with SET-LRP.
One group has reported that Cu0/PMDETA catalyzed SET-LRP of Sty initiated
with 1-bromoethyl benzene (1-PEBr), ethyl 2-bromo isobutyrate (EBiB) or diethyl-2bromo-2-methyl malonate (DEBMM) in DMSO at 25C is feasible, but with relatively
broad polydispersity (Mw/Mn > 1.4).130 They also suggest that the combination of SETLRP and RAFT (SET-RAFT) can improve the living character of the reaction. They
claim that Cu0/PMDETA/(2-ethoxy carbonyl) prop-2-yl-pyrrole-1-carbodithioate (CTA)
catalyzed SET-RAFT of Sty initiated with DEBMM or TsCl in DMSO at 25 C provides
PS with a lower final polydispersity (Mw/Mn ~ 1.20-1.26).
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More promising is a report that the Cu0/Me6-TREN catalyzed SET-LRP of MA
can be performed in hydrophobic media such as toluene through the use of polar phenol
additives.131 By expanding the compatibility of SET-LRP to include hydrophobic media,
monomers that are insoluble or for which their growing polar chains are insoluble in
polar solvents can now be polymerized by SET-LRP. More recent results indicate that
binary mixtures of organic solvents can be prepared wherein through cooperative and
synergistic effects a suitable balance of polarity, extent of disproportionation and ability
to stabilize colloidal Cu0 and regulate its size distribution can be achieved.132 Binary
mixtures of varied composition can also be used to create a solvent system capable of
dissolving a larger array of monomers and their corresponding polymers.
Tolerance of Radical Inhibitors: Vinyl monomers are typically stabilized with 4-

methoxyphenol (MEHQ) to prevent impurity induced or auto-polymerization. For
example, commercial MA contains ~ 10-100 ppm of MEHQ. Prior to the use of vinyl
monomers in conventional radical polymerization and metal-catalyzed LRP such as
ATRP and its variants, MEHQ and other inhibitors are typically removed by passing
them through a column of basic Al2O3 chromatographic column, by washing with basic
water, or through distillation.
SET-LRP is compatible with commercially available stabilized monomers. Most
reports detailing the development of SET-LRP have used raw commercial monomers.
The curious compatibility of SET-LRP with MEHQ stabilizer was investigated, by
comparison of the kinetics of SET-LRP of uninhibited MA with the kinetics of SET-LRP
of MA initiated with MBP or BPE in DMSO or methanol with varying levels of added
MEHQ.117 Regardless of MEHQ loading level 1:0 initiator/MEHQ to 1:10
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initiator/MEHQ, the polymerization proceeded to high conversion (> 95%) with excellent
predictability of molecular weight evolution and distribution (Mw/Mn ~ 1.2). Only at the
highest loading level, 1:10 initiator/MEHQ was a small induction period detected, which
could be attributable to trapped oxygen in the solid MEHQ. While the addition of MEHQ
did retard the polymerization rate, even at the highest loading level (1:10
initiator/MEHQ) the rate decrease was not significant (~ 10%). In this original study
MEHQ was added as a solid and may not in fact act as a homogenous radical inhibitor. In
a recent study, the SET-LRP of MA in various solvents and their binary mixtures with
H2O was investigated.103 The kinetics of SET-LRP were investigated using both
uninhibited monomer, as well as monomer that contained ~100 ppm of MEHQ inhibitor
as supplied by Aldrich. As with the study involving the addition of solid MEHQ the
polymerization, the homogenous radical inhibitor in MA only slightly reduced the rate of
polymerization.
The compatibility of SET-LRP with raw commercial monomers makes its use
more economical. SET-LRP is of interest in the preparation of polymers with complex
architecture. Most dendritic monomers are also stabilized with radical inhibitors.

7.4.3 Catalyst Compatibility

Any Cu-containing electron-donor that produces Cu(I)X in situ via SET
activation should be capable of mediating a successful SET-LRP. The reactivity of a
molecular or atomic species toward electron donation is related to its ionization potential
(Ip). Low ionization potentials result in higher electron-donor activity. Ionization
potential can be roughly correlated with EHOMO. Crude calculations of various Cu sources
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were performed. SET-LRP has been determined to be a surface mediated reaction, the
monomolecular or monoatomic assumption of these calculations is probably too naïve
and should incorporate the surface structure of the catalyst. However, the results are still
rewarding. A relative order of electron donating capability was established as Cu2Te >
Cu2Se > Cu0 > Cu2S > Cu2O > CuX (X = I, Br, Cl). Thus, Cu0 and Cu2Y (Y = Te, Se, S,
O) are likely more efficient outer-sphere electron donors than CuX (X = I, Br, Cl)
species, which are commonly implicated in ATRA and ATRP inner-sphere processes.
As expected, Cu0 and Cu2Y (Y = Te, Se, S, O) species have been successfully
employed as catalysts for SET-LRP. Most studies employed Cu0 in powder form. Recent
results have confirmed that the catalytic activity of Cu0 is dependent on the surface
characteristics of the powder. Due to differences in surface area and structure of the
Cu2Y catalysts and the expectation that they produce Cu0 in situ via disproportionation,
complicates direct comparison and establishment of experimental trends. Early studies in
the SET mediated initiation of sulfonyl halides for LRP of Sty and BA, indicated that
non-dispersed Cu catalysts, such as Cu coins were also effective. Recently, this concept
was expanded to the use of Cu wire as a simple catalyst with enhanced reaction
performance.

Cu0 Powder and Cu0 Wire: Cu0 powder has been used in the SET-LRP of MA, EA,

BA, solketal acrylate, MMA, and VC initiated with chloro, bromo, and iodo containing
compounds. Cu0 wire has been used in the SET-LRP of MA and MEA initiated with
MBP and BPE and VC initiated with CHBr3.21, 107 In the case of MA Cu0 wire provides
PMA with greater predictability of molecular weight evolution and distribution and
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provides greater accuracy in the empirical prediction of kpapp due to the “monodispersity”
and greater uniformity of the catalyst surface. Further, the use of Cu0 wire provides for a
simpler experimental set-up and easier recovery and recycling of catalyst and purification
of the reaction mixture. 107

Cu Salts: Cu2Te/Me6-TREN and Cu2Se/Me6-TREN have been utilized in the SET-LRP

of MA initiated with chloroform in DMSO at 25 C. Therein, kpapp decreased according to
Cu2Te > Cu2Se, while maintaining similar levels of living character. Cu2Te/Me6-TREN,
Cu2Se/Me6-TREN, Cu2O/Me6-TREN and Cu2S/Me6-TREN have also been used in the
SET-LRP of MA initiated with bromoform in DMSO at 25 C. Here kpapp decreased
according to Cu2Te > Cu2Se > Cu2S > Cu2O. Cu2Te/Me6-TREN, Cu2Se/Me6-TREN,
Cu2O/Me6-TREN and Cu2S/Me6-TREN have been utilized in the SET-LRP of MA
initiated with iodoform in DMSO at 25 C. In this case kpapp decreased according to
Cu2Te > Cu2Se > Cu2S > Cu2O. Here too, differences in living character between
catalysts were not remarkable. Cu2Te/TREN, Cu2Se/TREN, Cu2O/TREN and
Cu2S/TREN have been utilized in the SET-LRP of VC initiated with bromoform in
DMSO at 25 C. Here, kpapp decreased according to Cu2O > Cu2Te > Cu2Se > Cu2S.
While, Cu2O, Cu2Te, and Cu2Se catalysts produced polymers with narrow polydispersity,
Cu2S catalyzed polymerization produced polymers with broader polydispersity. In
general the reactivity of Cu2Y salts where Y = Te, Se, S, or O was in correspondence
with the crude electron donor capacity (Ehomo) trend suggested above. The reason for the
unusual acceleration of Cu2O/TREN catalyzed SET-LRP of VC is not apparent.
Cu2O/bpy has also been used in the SET-LRP of MMA initiated with PDSC in ionic
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liquid bmimPF6.126 Cu0 generated in situ from CuICl/Me6-TREN in DMF/H2O or
THF/H2O solution has been used in the SET-LRP of 2-EHA, NIPAM, and PEGMEA.122125

Likewise Cu0 generated in situ from CuICl/bpy in ionic liquid bmimPF6 in the SET-

LRP of MMA. In these polymerization, only ‘nascent’ Cu0 is present, and thus the
kinetics of the polymerization will be more sensitive to the size distribution and
stabilization of this colloidal Cu0.133 It is necessary to consider the effect of solvent,
ligand, and ligand concentration on the characteristics of the ‘nascent’ Cu0.
When Cu2Y (Y = Te, Se, S, O) is used as the catalyst in SET-LRP it is unclear
what species is most responsible for activation. It is likely that Cu2X activates initiator
thereby generating CuIX (X = Cl, Br, I) in situ. The CuIX will disproportionate into Cu0
and CuIIX2. The ‘nascent’ Cu0 will then either react or agglomerate on the surface
creating a film of Cu0 over the Cu2Y. Thus, as the reaction progresses, activation on the
surface may be a competition between dissimilar surface sites. We cannot also disregard
the possibility of solvent/ligand mediated disproportionation of Cu2Y into CuIIX and Cu0.

7.4.4. Initiators

As with all metal-catalyzed LRP processes the appropriate choice of initiator is
critical. A variety of monofunctional initiators, bifunctional initiators, multifunctional
initiators, and macroinitiators have been used in SET-LRP (Figure 7.9). Chloro initiators
are best suited for the polymerization of MMA and other methacrylates, while bromo and
iodo initiators are best suited for acrylates and vinyl chloride. In SET-LRP there is little
difference between the kpapp for various halide initiators. While kpapp is a complex rate
constant, it nevertheless suggests a relatively small difference in kact. This is in good
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agreement with an outer-sphere electron-transfer process where kR-I/kR-Br ~ kR-Br/kR-Cl ~ 110.22 In ATRP kact(R-Br)/kact(R-Cl) is between 103 to 9  104.134 This is in better
agreement with an inner-sphere electron-transfer process where kR-Br/kR-Cl can be between
5  102 and 9  104. 23

Figure 7.9 - Initiators used in SET-LRP and their known compatible monomers.
Haloforms: The haloforms CHCl3,21, 116 CHBr3, 21, 108 and CHI321, 108 have been employed

as initiators for the SET-LRP of MA in DMSO at 25 C. CHCl3 and CHBr3 are
monofunctional initiators for PMA. CHI3 is monofunctional initiator for PMA at low
conversion, but at high conversion transitions to a bifunctional initiator. When CHCl3 is
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used as an initiator, small levels of CuCl2 are required to regulate the LRP. CHBr3 has
also been demonstrated as an effective initiator for the SET-LRP of VC in DMSO at 25
C.21, 129
α-Haloesters: The most typical initiator for the polymerization of monofunctional

acrylates is MBP, which has also been used as an initiator in the CuCl/Me6-TREN
catalyzed SET-LRP of PEGMEA in DMF/H2O.122 MCP has also been used, though small
levels of CuIICl2 were used to improve the LRP.116 Ethyl 2-bromoisobutyrate (EBiB) has
been used in the Cu0/bpy catalyzed LRP of MMA in DMSO21 and the Cu0/PMDETA
catalyzed SET-LRP of MMA in HFIB.128 EBiB has also been used in the Cu0/Me6-TREN
catalyzed SET-LRP of MA in DMSO at 25 C.113 2-Bromo-2-methylpropinoic acid
benzyl ester and 2-bromo-2-methylpropionic acid 4-methoxyphenol ester have also been
utilized as an initiator in the Cu0/Me6-TREN-catalyzed SET-LRP of MA in
toluene/phenol mixtures.131 BPE has been used as a bifunctional α-halo ester initiator for
the preparation of telechelic PMA, PEA, and PBA. Pentaerythritol tetrakis(2bromopropionoate) (4BrPr) has been used as a multifunctional initiator to prepare 4-arm
star PMA21 and PMA-b-Poly(solketal acrylate)121 via Cu0 catalyzed SET-LRP.
5,11,17,23,39,35,41,47-octa-tert-butyl-49,50,51,52,-53,54-55,56-octakis-(2bromopropionyloxy) calyx[8]arene (Figure 7.9, 8BrPr) had been used as a
multifunctional initiator to prepare 8-arm star PMA. α,ω-Di(bromo)-PBA has also been
used as a macroinitiator for the SET-LRP of VC to form PVC-b-PBA-b-PVC.97 A variety
of -bromo/iodo esters have been prepared and utilized for the SET-DTLRP of VC: 4IPr,
DMDBH, DMDIH, BMEDBH, BMEDIH, and BIPE (Figure 7.9).93 These compounds
are also useful as bromo/iodo-initiators for SET-LRP.
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Sulfonyl Halides: Sulfonyl halides have been demonstrated as effective initiators in the

self-regulated Cu0 and Cu2X catalyzed LRP of acrylates, methacrylates and Sty.
Unfortunately, sulfonyl halides are prone to side reactions in DMSO135 and in the
presence of aliphatic N-ligands.136 While solvents other than DMSO can mediate
disproportionation of CuIX, multidentate aliphatic N-ligands are by far more effective
than bidentate aromatic N-ligands such as bpy. PDSC (Figure 7.9) was used as an
initiator in conjunction with CuI/bpy catalyzed LRP of MMA in NMP. While bpy is not
very effective at mediating disproportionation in DMSO, dramatic rate acceleration of the
reaction was observed in NMP, suggesting SET activation. PDSC initiated SET-LRP
catalyzed by CuI/bpy was also performed in ionic liquids, where disproportionation of
CuI/bpy was feasible.126 SET-LRP initiated with a broader range of sulfonyl halides
should be possible in ionic liquids. Likewise, if aromatic N-ligands can be found that
mediate disproportionation as effectively as multidentate aliphatic N-ligands, sulfonyl
halides could be used as initiators in polar organic solvents.

Other Initiators: 2-Bromopropionitrile (BPN) is an effective initiator for the SET-LRP

of MA in DMSO at 25 C. 2,2-Dichloroacetophenone (DCAP) is an effective initiator for
the Cu0/PMDETA catalyzed SET-LRP of MMA in DMSO at 25C. Additionally, PEG
functionalized at one chain end with a 2,2-dichloroacetyl group, was used as a
macroinitiator for the synthesis of Y-shaped AB2 PEG-b-(PNIPAM)2 via CuICl/Me6TREN catalyzed SET-LRP.137 Benzyl chloride was used as an initiator in the CuCl/Me6TREN catalyzed block copolymerization of NIPAM and 2-EHA in DMF/H2O.123-124 As
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PNIPAM serves as a macroinitiator, α-haloamides are expected to be effective initiators
in

SET-LRP.

It

was

subsequently

determined

that

N-benzyl-2-bromo-2-

methylpropionamide

and

N-phenyl-2-bromo-2-methylpropionamide

are

effective

initiators for the Cu0/Me6-TREN catalyzed SET-LRP of MA in toluene/phenol
mixtures.131 N-chloro-2-pyrrolidinone (NCP) was used in the Cu0/Me6-TREN catalyzed
LRP of MA in DMSO at 25 C. 2-Cyanoprop-2-yl-1-dithionaphthalate (CPDN) has also
been demonstrated as a compatible initiator for the Cu0/PMDETA catalyzed SET-LRP of
MMA.127
7.4.5 Solvents
DMSO: By far the most commonly used solvent thus far for SET-LRP is DMSO. DMSO

enhances the polarity of the medium, thereby aiding electron-transfer.138-139 DMSO has
been shown to be particularly adept at mediating electron-transfer in SRN1 reactions.140
DMSO is also a coordinating solvent that stabilizes CuIIX2,138 and thereby shifts the Kdis
further to the right. DMSO is also excellent at solubilizing a variety of monomers and
polymers. While other solvents such as alcohols have similar properties, DMSO has the
advantage of a particularly high freezing point (18 C) which aids in the freeze-pumpthaw process and therefore, it is the preferred solvent in academic research laboratories.

Alcohols: Alcohols including methanol, ethanol, 1-propoanol, and tert-butanol have been

shown to be effective solvents for the Cu0-powder/Me6-TREN catalyzed SET-LRP of
MA initiated with BPE at 25 C.118 EtOH, MeOH and methoxyethanol, and their
mixtures with water have been shown to be effective solvents for the Cu0-wire/Me6TREN catalyzed SET-LRP of MA initiated with MBP at 25 °C.103 Additionally, HFIP is
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a suitable solvent for the extremely rapid SET-LRP of MMA at very low temperature
providing dual control of molecular weight distribution and the polymer tacticity.128
Increasing the hydrophobic character of the alcohol decreases the kpapp and also decreases
the control of molecular weight distribution. Increasing hydrophobic character of the
solvent decreases its polarity, diminishing the stabilization of charge separation reducing
thereby reducing the rate of activation and also the extent and rate of disproportionation
of CuI/N-ligand. The use of 95:5 mixtures of alcohol and water resulted in a 1.3-1.4 fold
increase in the kpapp while increasing the predictability of molecular weight evolution and
distribution. Mixtures of water and polar organic solvents have been shown to decrease
the stability of CuIX to disproportionation relative to the pure solvent.141-143 The
enhancement of disproportionation offered by low levels of H2O, enhances the
regeneration of active Cu0 catalyst and CuIIX2 deactivator, increasing the rate and living
character of the polymerization. Evidence of the chain-end functionality, narrow
molecular weight distribution, and absence of side reactions are demonstrated through the
MALDI-TOF chain end analysis of PMA derived from Cu0/Me6-TREN-catalyzed SETLRP in methanol/water (95/5 v/v) (Figure 7.6).

Ionic Liquids: The rapid Cu2O/bpy, Cu0/bpy, and CuICl/bpy catalyzed LRP of MMA

initiated with PDSC in ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate
(bmimPF6) at 70 C was reported.126 All polymerization in bmimPF6 showed excellent
predictability of molecular weight evolution and distribution. Cu2O and Cu0 catalyzed
SET-LRP in bmimPF6 exhibited significant acceleration in comparison to the bulk
polymerization, while CuCl/bpy catalyzed polymerization did not. In previous reports
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where rate acceleration was observed in metal-catalyzed LRP,144-148 RAFT,149-150 and
NMP151-152 in ionic liquids a commensurate increase of the molecular weight distribution
was observed. It was later determined that disproportionation of CuICl/Me6-TREN21 and
CuICl/bpy was rapid and extensive in mixtures of bmimPF6 and MMA. The rapid
disproportionation of CuICl allows for SET-LRP of MMA in bmimPF6, wherein dramatic
rate acceleration and narrow molecular weight distribution are not mutually exclusive.

Other Solvents and Binary Mixtures of Solvents: A variety of other solvent are known

to mediate disproportionation of CuIBr in the presence of select N-ligands including:
DMF, dimethylacetamide (DMAC), H2O, ethylene glycol, diethylene glycol, triethylene
glycol, tetraethylene glycol, poly(ethylene glycol), 2-(2-ethoxyethoxy)ethanol, 1,2dimethoxy ethane, ethylene carbonate, propylene carbonate, NMP, THF + 10% PhOH,
toluene + phenols, glycerin, sugars, carbohydrates, and benzonitrile. These solvents are
all therefore expected to be compatible with SET-LRP. In a recent report the SET-LRP of
MA initiated with 25 °C has been reported using acetone, DMAC, DMF, EC,
methoxyethanol, NMP, PC, and a variety of previously reported solvents using
uninhibited as well as MEHQ-inhibited monomer.103
Interestingly, it was also shown that DMF/H2O or THF/H2O mixtures for the
SET-LRP of hydrophilic monomers NIPAM, PEGMEA, and 2-EHA.123-125 Additionally,
toluene mixed with phenol additives for the SET-LRP of MA.131 The latter case is
extremely significant as the use of polar additives allows for SET-LRP in hydrophobic
media which are otherwise unable to mediate requisite levels of disproportionation. Of
the compounds investigated phenol, p-methylphenol and o-methylphenol provided a
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confluence of elevated kpapp, higher conversion, and narrow molecular weight
distribution. Polymerization using 2,5-dimethylphenol, 2,6-di-tert-butyl-4-methylphenol,
m-methylphenol, and benzyl alcohol as additives resulted in diminished conversion. pNitrophenol resulted in no polymerization.131
Binary mixtures of organic solvents and water are generally effective for SETLRP. SET-LRP of MA initiated with MBP in 5-10% H2O mixtures with acetone, DMAC,
DMF, DMSO, EC, ethanol methanol, methoxyethanol, NMP, and PC have been
reported.103 The addition of H2O serves to increase the polarity of the medium and
enhance the degree of disproportionation of CuIX thereby enhancing the kpapp and
improving the predictability of molecular weight (Figure 7.14). Additionally, as
previously demonstrated for the SET-LRP of NIPAM, PEGMEA, 2-EHA and their block
copolymers the binary mixtures of polar organic solvents and H2O are extremely useful
for the polymerization of hydrophilic monomers.
While the use of binary mixtures of organic solvents and water is a relatively
common practice for the LRP of hydrophilic monomers, the use of binary mixtures of
organic solvents to modulate reaction parameters such as rate and molecular weight
predictability is not typically employed. While SET-LRP is tolerant to extrinsic factors
such as material impurities and oxygen, causing only mild induction times, entrance into
SET-LRP requires a proper balance of intrinsic reaction conditions. Extensive
disproportionation of CuIX into Cu0 and CuIIX2 mediated by appropriate ligand and
solvent mixtures was originally thought to limit the range of compatible solvents for
SET-LRP. However, it was found that the preparation of binary mixtures of organic
solvents that each possess unique monomer and polymer dissolution capacities, ability to
mediate disproportionation, polarity, and ability to stabilize and regulate the size
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distribution of colloidal Cu0 allows for the cooperative and synergistic effects of SETLRP in a broader spectrum of reaction media.132 In this preliminary report, mixtures of
acetone-DMSO, DMSO-MeOH, EC-DMAC, EC-DMF, EC-DMSO, and ethyl acetateMeOH were reported as effective reaction media for the SET-LRP of MA . The
discovery of ethyl acetate-MeOH mixtures as effective solvents for SET-LRP is of
particular interest for large-scale applications due to the low cost of ethyl acetate, as well
as its distinct solubility profile as compared to the typical SET-LRP solvents. Effort will
continue to exploit the approach of binary solvent mixtures for achieving better
conditions for SET-LRP and expanding the monomer scope.
7.4.6. Mechanistic Aspects of SET-LRP

The synthetic utility of SET-LRP is readily apparent: simple and easily
recoverable and recyclable Cu0 catalysts, compatibility with a diverse array of solvents
including ‘green’ and aqueous solvents, colorless polymers without purification,
extremely mild reaction conditions, and excellent predictability of molecular weight
evolution and distribution. The desire to elucidate SET-LRP through the lens of ATRP is
understandable as both utilize Cu catalysts and N-ligands. However, it is not uncommon
in organic chemistry for subtle changes to reagent structure and experimental conditions
to completely change the fundamental mechanism of a reaction. Here, changing the
active catalyst to Cu0 and providing reaction conditions that favor electron-transfer and
disproportionation of in situ produced CuIX, a new mechanism of polymerization is
achieved. As this mechanism does not agree with the mechanism proposed for ATRP,
this reaction which is mechanistically similar to SET-DTLRP was named SET-LRP.
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SET-LRP can be divided into a few basic steps: 1) Disproportionation of in situ
produced or initially provided CuIX/N-Ligand provides self-regulated regeneration of
Cu0 and CuIIX2/N-Ligand. 2) Activation of initiator and dormant polymer chains by
heterogeneous SET from Cu0 via a step-wise or concerted process. 3) Homogenous
deactivation of propagating macroradicals with CuIIX2/N-ligand. 4) Propagation of
growing chains (Figure 7.10). Each of these steps, except propagation, will be discussed
in detail providing both evidence for its mechanism and its relevance to preparative work.

Figure 7.10 - Mechanism of SET-LRP.
Effects of Ligand and Solvent on the Disproportionation of CuI: (Details of

computational and experimental studies on the role of ligand in disproportionation are
provided in chapters 8 and 9, respectively). SET has been utilized in other
polymerizations to mediate activation of dormant chains. However, SET alone does not
provide a LRP process. In order to achieve a successful SET-LRP process, CuIX
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produced in situ via activation and deactivation processes must rapidly disproportionate
to Cu0 and CuIIX2. Without disproportionation, there will be insufficient CuIIX2 to
regulate the rapid SET-mediated polymerization. While, CuIX will disproportionate
spontaneously in water or predominately aqueous media, Kdis tapers off dramatically in
other organic solvents or mixtures thereof. It should also be noted that these values only
reflect disproportionation at room temperature in the absence of coordinating ligand.
Elevated temperature can provide for disproportionation even in solvents with otherwise
low Kdis.
It is well known that the presence of ligands can shift the equilibrium constant of
disproportionation in either direction depending on its relative binding energy with CuI
and CuII species. However, it was serendipitously discovered that use of appropriate Nligands can mediate rapid disproportion of CuIX in organic media.21 The extent of
disproportion of various N-ligands in different organic solvents has been tested by the
preparation of various deoxygenated mixtures of N-ligand, solvent, and CuIX. Rapid
disproportion is evident in certain cases through the rapid appearance of ‘nascent’ Cu0,
which depending on the solvent will be stabilized as a colloid or agglomerate and
precipitate,133 and the apparent green or blue color of the reaction mixture due to CuIIX2.
A rough quantitative measure of disproportionation can be obtained through UV-vis
analysis of a solution CuIX, N-ligand, and solvent and comparison with corresponding
solutions of CuIIX2, N-ligand, and solvent. It should be noted that while values Kdis can be
computed via UV-Vis absorbances, they may not accurately reflect reaction conditions as
both monomer and polymer can affect the aggregation kinetics and thermodynamics of
‘nascent’ Cu0, local heating via propagation can drive disproportionation, the difference
between CuIX concentrations in the UV-vis experiments and the concentrations derived
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in situ during polymerization, and a true equilibrium state may not be achieved due to
competitive reactions with Cu(0) and CuIIX2. Additionally, in solvents that stabilize
colloidal Cu0, such as DMSO, the disproportionation through such methods will be
underestimated due to the inability to precisely compensate for the contribution of
colloidal Cu0 absorbtion and scattering to the UV-Vis spectrum.
While UV-Vis measurements may not give a perfect picture of disproportionation
in the polymerization flask, it does provide important general insight into ligand and
solvent choice. In the absence of ligand, CuIX does not disproportionate in DMSO
(Figure

7.11

a).21

Me6-TREN

pentamethyldiethylenetriamine

(Figure

7.11b),

(PMDETA),

TREN,

N,N,N’,N’,N1,1,4,7,10,10-

hexamethyltriethylenetetraamine (HMTETA), and PEI have been shown through UV-Vis
studies to mediate the rapid disproportionation of CuBr in DMSO.21 Me6-TREN has been
shown via UV-Vis studies to mediate the disproportionation of CuBr in DMSO, DMF,
diemethylacetamide (DMAC), H2O, methanol, ethylene glycol, diethyleneglycol,
tetraethylene glycol, 2-(2-ethoxyethoxy)ethanol, NMP, ethylene carbonate, propylene
carbonate, glycerine, carbohydrates, 2-hydroxyethyl methacrylate, benzonitrile, N,Ndimethylacrylamide, and to a lesser extent in poly(ethylene glycol) (Mn = 400). It is
important to note that 2-hydroxyethyl methacrylate, and N,N-dimethylacrylamide are
monomers that disproportionate CuIX, providing the possibility for SET-LRP in bulk.
DMF/H2O and alcohol/H2O mixtures exhibit enhanced Me6-TREN disproportionation
relative to the pure organic solvent. Me6-TREN does not mediate the rapid
disproportionation of CuBr in MeCN, THF, or toluene. However, in the presence of polar
and potentially coordinating phenol additives disproportion can be mediated in THF and
toluene. Me6-TREN and bpy mediate disproportionation of CuCl in ionic liquid
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bmimPF6. Bpy, does not mediate disproportionation of CuIX to a large extent in DMSO
at room temperature, but it is more effective at elevated temperature. N-n-propyl-2pyridyl-methanimine (Pr-PMI/Haddleton’s Ligand)153 which strongly binds CuIX does
not appear to mediate disproportionation at room temperature. However, at elevated
temperature Pr-PMI has also been shown to mediate disproportion of CuIX. While every
possible permutation of catalyst and ligand has not been studied via UV-vis analysis, it is
apparent that Me6-TREN, TREN, PMDETA, and PEI make the best ligands, and that
DMSO, alcohols, ionic liquids, alkyl carbonates, DMF, and water are some of the best
solvents for SET-LRP.

Figure 7.11 - UV-Vis analysis of disproportionation of CuBr in DMSO (a) with no
ligand and (b) with Me6-TREN. Reprinted with permission from ref 21. Copyright 2006
American Chemical Society.

Historically, the disproportionation of CuIX into Cu0 and CuIIX2 has been
determined via electrochemical experiments .133 In these experiments, the equilibrium for
disproportionation was described by equation 1, and did not account for the presence of
N-ligand. Matyjaszewski made an effort to account for the role of ligand in
disproportionation by using a corrected value for the disproportionation constant in the
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presence of stabilizing ligand.74 However, in this case the concentration of ligand should
be incorporated into the equilibrium expression of disproportionation according to
equations 3 and 4.133
CuIX / L + CuIX / L

Cu0 + CuIIX2 / L + L

K*disp = [CuIIX2/L][L] / [CuIX/L]2

(3)
(4)

Inspection of equations 3 and 4 would suggest that if the ligand strongly stabilizes
CuII species vs CuI species, maximum disproportionation should occur when only ½ the
amount of ligand is present relative to the initial amount of CuIX. Excess ligand, would
drive the reaction in the reverse direction, while less ligand would provide insufficient
stabilization of the resultant CuIIX2. In the case of DMSO, disproportionation is indeed
dependent on the concentration of ligand, and maximum disproportionation is indeed
observed at 0.5 equivalents of Me6-TREN relative to CuIBr .133 The experimental extent
of disproportionation of CuIBr in DMSO with varying concentrations of ligand was
accurately modeled by numerical solutions to the equilibrium expression and a model of
the disproportionation process via a series of differential equations. Visual inspection and
DLS experiments demonstrated that in DMSO, colloidal Cu0 is stabilized and does not
settle with time. The suspension of colloidal Cu0 interferes with UV-vis experiments
causing a shift in the UV-vis baseline due to the absorption and scattering of Cu0
particles. While this shift is not-uniform across range of wavelengths, the exact
contribution of Cu0 colloids to the UV-vis spectra is not known, therefore, Cu(II)Br2/Nligand absorbance in the disproportionation experiments is conservatively underestimated
by subtracting the absorbance at ~500 nm from the observed absorbance at ~960 nm.
Even with this underestimation the extent disproportionation is at least an order of
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magnitude greater than suggested by electrochemical experiments when [Me6TREN]o/[CuIBr]o = 1 , and roughly three orders of magnitude greater when [Me6TREN]o/[CuIBr]o = 0.5. With the addition of as little as 10% H2O to DMSO the extent of
disproportionation when [Me6-TREN]o/[CuIBr]o = 0.5 is roughly four orders of
magnitude greater than what is indicated by electrochemical experiments . A maximum at
[Me6-TREN]o/[CuIBr]o = 0.5 is observed in many other solvents including acetone and
DMF. In other solvents such as MeOH and EtOH, the location of the maximum is shifted
somewhat, perhaps due to specific H-bonding with the ligand or specific solvent
interaction with cuprous or cupric species. While in some cases the trends of
disproportionation match those observed in electrochemical experiments, in many cases
they do not, and in all cases the magnitudes of disproportionation differ dramatically. It is
evident that electrochemical experiments do not accurately predict the disproportionation
in the presence of ligand, and electrochemical data in general may not be applicable to
the conditions of SET-LRP.
In addition to varying the extent of disproportionation the concentration of ligand
and the solvent composition have a noticeable effect on the size distribution of Cu0
produced via disproportionation.133 UV-Vis and DLS experiments demonstrated that
solvents such as acetone, DMAC, DMF, DMSO, NMP, and their mixtures with water
stabilize small colloidal Cu0 particles, while in ethanol, ethylene carbonate, methanol,
propylene carbonate, and water result in larger agglomerated Cu0 that precipitates. The
ligand loading level also, modulates the size distribution of the particles. In DMSO when
[Me6-TREN]o/[CuIBr]o = 1.0 or 0.1 when the extent of disproportionation is lower, the
size distribution of Cu(0) particles is bimodal. When [Me6-TREN]o/[CuIBr]o = 0.5, the
size distribution is unimodal. While the exact effect of ligand concentration on particle
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size distribution varies from solvent to solvent and is not straightforward to predict, it is
necessary to keep its role in mind, especially in CuIX/N-ligand mediated SET-LRP where
the only Cu0 in the system is the ‘nascent’ Cu0 prepared via disproportionation.
In a strongly polar or protic solvent, such as those known to mediate SET-LRP,
cuprous ions and halide ions are expected to be highly solvated. In a polar environment
such as DMSO, dissociation of CuIX and CuIIX2 salts are expected.138 This dissociation is
aided by the presence of strongly chelating ligands such as multidentate N-ligands,
providing [CuI]+/L and [CuIIX]+/L complexes. The structure of the N-ligand dictates the
accessible geometries of the resulting complexes. A computational study comparing the
energies of these complexes has shown that known SET-LRP ligands such as Me6-TREN
and TREN preferentially stabilize [CuIIX]+/L versus [CuI]+/L, much more so than ATRP
ligands such as bpy and Pr-PMI.154 Preferential stabilization of [CuIIX+]/L, the halide
dissociated form of CuIIX2/L, results in a more exergonic CuI  CuII half reaction, and
larger values for Kdis. A key feature of multidentate ligands such as the SET-LRP ligands
Me6-TREN and TREN is that they cannot adopt the preferred tetrahedral or distorted
tetrahedral geometry for [CuI]+/L that is accessible to bidentate ligands like bpy and PrPMI. Likewise, SET-LRP ligands Me6-TREN and TREN also provide access to a
relatively stable trigonal bipyramidal geometry for the [CuIIX]+/L complexes.
The results obtained by UV-Vis and computational studies suggest that
multidentate and macrocyclic aliphatic N-ligands are particularly apt at mediating
disproportionation relative to aromatic or bidentate ligands. These results agree with
similar results for the activity of ligands in ATRP, where it was suggested that enhanced
stability of the CuIIX2 species shifts the KATRP equilibrium in favor of activation.155 If the
solvent for the polymerization is not effective for mediating disproportionation (e.g.
505

hydrophobic solvents or MeCN) and the source of Cu is CuIX, this is true and explains
high kpapp but somewhat diminished control under these conditions. However, when a
solvent with relatively high Kdis is employed, especially in conjunction with a
multidentate or macrocyclic N-ligand, disproportionation of CuIX/N-ligand is expected.
Thus, the role of disproportion in water-borne ATRP156-160 and the potential for an SETLRP mechanism cannot be ignored, specifically now that it has been shown that even the
addition of small levels of water can increase the extent of disproportionation by many
orders of magnitude.133
Disproportionation is a fundamental step in SET-LRP. Without the regulated
production of Cu0 and CuIIX2 via disproportionation a rapid LRP process cannot be
achieved.114-115 Cu0/Me6-TREN catalyzed SET-LRP of MA in DMSO, a solvent that
mediates the rapid disproportionation of CuIX/Me6-TREN, provides perfect first-order
kinetics and polymers with perfect retention of chain-end functionality. Cu0/Me6-TREN
catalyzed radical polymerization of MA in MeCN or toluene, solvents that do not
mediate the rapid disproportionation of CuIX/Me6-TREN, do not provide first-order
kinetics and the chain-end functionality of the PMA decreases linearly with
conversion.114-115 Kinetic studies of Cu0/Me6-TREN catalyzed radical polymerization in
mixtures of DMSO and MeCN, demonstrates that as the solvent gradient is increased to
favor a disproportionating solvent such as DMSO, a non-first order (i.e. non-living)
process with poor retention of chain-end functionality is gradually transformed into a
SET-LRP process with perfect retention of chain-end functionality and excellent control
of the molecular weight evolution and distribution. Simple comparison of Cu0/Me6TREN catalyzed SET-LRP in DMSO with Cu0/Me6-TREN catalyzed radical
polymerization of MA in MeCN clearly delineates the differences in kinetics and
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polymer chain end functionality (Figure 7.12). In spite of the poor retention of chain-end
functionality in the Cu0/Me6-TREN catalyzed radical polymerization of MA in MeCN at
25 C, polydispersities are not significantly elevated. The relative narrowness of
molecular weight distribution present in non-disproportionating solvents can be attributed
to continuous bimolecular termination throughout the reaction that produces excess
CuIIX2/Me6-TREN deactivator though at the expense of ~ 20% chain-end functionality.
These results are supported by kinetic modeling studies.161 This PRE-type mechanism of
control in non-disproportionating solvents is reinforced by a green reaction mixture as
compared to the perfectly colorless reaction mixtures in SET-LRP.

Figure 7.12- Comparison of SET-LRP in DMSO and Cu-catalyzed radical
polymerization in MeCN. Reprinted with permission from ref.115. Copyright 2008
American Chemical Society.

In addition to the appropriate choice of solvent and ligand, it is also necessary to
choose an appropriate initial concentration of ligand.162 When too little ligand is added
the kpapp is slow due to diminished surface activation consistent with a LangmuirHinshelwood mechanism. Additionally, in the case of low initial ligand concentration,
non-first order kinetics are observed with poor predictability of molecular weight and
broader molecular weight distribution. It appears that when too little ligand is employed,
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and thus the extent of disproportionation is low resulting in insufficient CuIIX2
deactivator, bimolecular termination is prevalent resulting in a bimodal distribution of the
polymer molecular weight. Increasing, the level of ligand results in an initially rapid
increase in the rate of polymerization and degree of control. Eventually, the slope of this
decreases to form a second linear domain and achieves a maximum. Above the
maximum, increase in ligand loading level results in decreased rate. It has previously
been shown that the ideal loading level of ligand to achieve the highest extent of
disproportionation is generally ½ the molar equivalents of the amount of CuIX in the
reaction mixture. The ligand-dependent maximum rate may correspond to this point of
maximum disproportionation or may be due to an optimum level of ligand for the surface
mediated activation process. In any case, the position of the transition from rapid increase
in rate and control (i.e. sufficient levels of disproportionation, but not necessarily
maximum levels), to a region of slower increase, and the eventual maximum varies
according to the surface area of wire used and must be calibrated accordingly (Figure
7.13).
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Figure 7.13 - 3D plot of the dual effect of Cu0 Surface Area (y-axis) and [Me6TREN]o/[MBP]o (x-axis) on the kpapp (z-axis). Reprinted with permission from ref. 162.
Copyright 2009 John Wiley & Sons, Inc.

While solvents like THF and toluene do not mediate disproportion of CuIX on
their own, it was observed that THF + 10% PhOH does mediate the rapid
disproportionation of CuIBr/Me6-TREN,21 and that SET-LRP tolerates the presence of
phenol additives which are known to be radical inhibitors.117 It was later observed by
Haddleton that disproportionation in toluene could be mediated via the addition of a
variety phenol additives.131 Using 20 mol% phenol, p-methylphenol, or o-methylphenol,
excellent Cu0/Me6-TREN catalyzed SET-LRP of MA could be mediated in toluene.
Other phenols and benzyl alcohols were somewhat less successful either due to enhanced
aliphatic content, specific solvation interactions, or in one case competitive electrontransfer to an electron deficient phenol.
Recently, it was shown that addition of H2O to organic solvents provides a linear
increase in the kpapp and generally improved control of molecular weight evolution and
distribution (Figure 7.14).103 The addition of water was particularly effective for solvents
that did not mediate sufficient levels of disproportionation on their own, such as acetone.
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In some of these solvent mixtures, the authors suggested that CuI precipitated during the
polymerization. Under these conditions it is possible that CuI disproportionates and that
the authors in fact observed the precipitated of agglomerated Cu0. It was also shown that
the addition of disproportionating organic solvents to less or non-disproportionating
solvents to form binary organic mixtures also allowed for the achievement of suitable
levels of control, for example the addition of DMSO to EC or MeOH to ethyl acetate.132
It is now evident that the kinetics and control of SET-LRP are cooperatively and
synergistically controlled by a combination of factors including the extent of
disproportionation mediated by ligand and solvent, their ability to stabilize colloidal Cu0
and control their size distribution.

Figure 7.14 - Effect of increasing % H2O on the kpapp and Mw/Mn in the SET-LRP of MA
in (a) acetone, (b) DMAC, (c) DMF, (d) DMSO, (e) EtOH, (f) methoxyethanol, (g)
MeOH, and (h) NMP. Reaction conditions: MA = 1.0 mL, solvent 0.5 mL, [MA]o = 7.4
mol/L, [MA]o/[MBP]o/[Me6-TREN]o = 222/1/0.1, Cu0 = 12.5 cm of 20 gauge wire.
Reprinted with permission from ref.103. Copyright 2009 John Wiley & Sons, Inc.
Surface Mediated Activation: The absorption and dissociation of gaseous organic

halides on single crystal Cu surfaces is a well known reaction.163-166 At low temperatures,
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~140K, this process might occur via an atom abstraction process of surface absorbed
alkyl halides.163 At elevated temperatures, a thermally induced electron-transfer process
becomes more feasible.164 Rate enhancement of dissociation observed with branched
alkyl halides165 and alkyl halides bearing electron withdrawing groups166 support an
electron-transfer model. Here, the greater electron affinity Ea of the organic halide is
responsible for mediating a more facile electron-transfer process. Degradation of
electron-deficient organic halides via an expected electron-transfer mechanism has also
been observed in organic solvents.167-171 Here, Cu0 surfaces catalyzed the C-X
dissociation and subsequent radical recombination of benzyl halides, carbon
tetrachloride. Langmuir-Hinshelwood167 kinetics of the surface mediated process were
confirmed with the expected dependence on halide and solvent concentrations167, 169-170 of
the process was confirmed. Dipolar aprotic solvents provided significant rate
enhancements of the reaction, with a maximum rate being observed for DMSO.167 A
strong rate dependence on catalyst surface area was also observed.171
In studies of self-regulated Cu0/bpy and Cu2O/bpy catalyzed LRP initiated with
sulfonyl chlorides, it was recognized that the surface composition and surface area played
an important role in reaction kinetics. Another group suggested that the dependence of
SET-LRP kinetics on the quality and type of Cu0 source was evidence for CuIX mediated
activation process, though a specific reason for this was not stated.112
Detailed studies on the relationship between Cu0 catalyst surface area have been
performed, providing strong evidence for a surface-mediated process. Cu0/Me6-TREN
catalyzed SET-LRP of MA in DMSO at 25 C was performed using various Cu0 particle
sizes: 425 m, 75 m, 45 m, 3m, 100 nm, and 50 nm average diameter while
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maintaining equivalent [Cu0]0.106 All Cu0 particle sizes provide polymerizations with
first-order kinetics with good agreement between theoretical and observed molecular
weights. The rate of the polymerization increased monotonically with decreasing particle
diameter. Decreasing particle diameter results in an increased surface area (SA) to
volume (V) ratio (SA/V), according to the equation SA/V = 6/d. Therefore, decreasing
the particle diameter while maintaining the same [Cu0]0 results in an increased total
surface of Cu0.

Figure 7.15 - The Effect of Cu0 particle size on the kinetics of Cu0 /Me6-TREN
Catalyzed SET-LRP of MA in DMSO at 25 C (left). The dependence of kpapp vs. (SA)1/2
for the Cu0/Me6-TREN catalyzed SET-LRP of MA in DMSO at 25 C. (right) Reprinted
with permission from ref. 106 and 107. Copyright 2008 and 2009 American Chemical
Society.

The kpapp was found to vary linearly with both (SA/V)1/2 or (SA)1/2 (Figure 7.15),
in accord with the roughly ½ order external order of reaction previously calculated for
Cu0 in SET-LRP.21 The same relationship between kpapp and (SA)1/2 was observed for the
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Cu0/Me6-TREN mediated radical polymerization of MA in MeCN at 25 C. However, in
this case the kinetics were not first-order in MA, indicating a non-living process. The
direct relationship between total surface area and kpapp in both processes suggests a
surface mediated OSET process of activation regardless of solvent, as long as it is a
solvent

apt

for

mediating

electron-transfer.

However,

only

in

DMSO

is

disproportionation sufficient to regulate production of CuIIBr2/Me6-TREN deactivator for
an LRP process. In the Langmuir-Hinshelwood mechanism proposed for oxidative
dissolution of alkyl halides by Cu0, activation requires coabsorption of organic halide and
ligand/solvent on the Cu0 surface, prior to the activation step. Such a mechanism is
consistent with surface-area dependent kinetics of SET-LRP and the ligand-concentration
dependence. A related mechanism, where only absorption of the ligand on the surface is
required and activation of the dormant chains occurs via proximity but not binding to the
surface is also consistent with these observations.
The mechanism proposed in the first report on SET-LRP suggested that nascent
or “atomic” Cu0 formed via disproportionation of CuIX is responsible for the enhanced
kpapp in SET-LRP. To assess the role of ‘nascent’ or ‘atomic’ Cu0 in SET-LRP a simple
experiment was devised (Figure 7.16).106 A Schlenk tube containing Cu0 catalyst (425
m, powder), monomer (MA), ligand (Me6-TREN), solvent (DMSO), initiator (MBP),
and a stir bar was connected to a second Schlenk tube containing only a stir bar. After
three freeze-pump-thaw cycles the polymerization was performed in the first flask at 25
C. At this point, the setup was rotated and the reaction mixture was decanted from the
first flask to the second flask, leaving behind the Cu0 powder in the first flask. No
polymerization was observed while the reaction mixture was allowed to stir without the
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Cu0 powder. After 1.5 h, the reaction mixture was decanted back into the original flask
that contained the Cu0 powder. At this point the reaction restarted without an induction
period with the same kpapp. Dynamic Light Scattering (DLS) studies106 indicate
agglomeration of ‘nascent’ Cu0, which is highly dependent on experimental conditions.
Thus, it is evident that the most active “nascent” catalyst derived via disproportionation
is either rapidly consumed or it agglomerates via nucleation from the surface and is
therefore not freely suspended in the reaction mixture. Huang has also shown that visible
Cu0 prepared in situ via disproportionation in situ from a mixture of DMF/H2O and Me6TREN is rapidly consumed when treated with benzyl halide initiator.172 Another group
has suggested that secondary activation events in SET-LRP proceed via CuIX produced
in situ via initiation with Cu0.112 As polymerization ceases entirely after Cu0 powder is
removed from the reaction mixture, dissolved Cu(I)X/N-ligand cannot mediate
polymerization under the conditions of SET-LRP at 25 C.106 Additionally, it could be
argued that when ‘nascent’ Cu0 is treated with initiator, it is the residual CuIX in solution
that is being consumed, and the resulting CuIIX2 is being reduced to CuIX by Cu0.
However, this assumes an unrealistically fast rate of comproportionation and does not
explain the rapid formation of green coloration to the reaction mixture which if
comproportionation were fast would not appear until all Cu0 was consumed.
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Figure 7.16. Cu0 decantation experiment (left) and kinetic plots (right) for the
Cu0/Me6TREN-catalyzed SET-LRP of MA initiated with MBP in DMSO at 25 ºC. (a)
Monomer conversion vs time for a conventional kinetic experiment used as a control, (b)
monomer conversion vs time for a kinetic experiment where reaction mixture was
decanted from Cu0 powder at approximately 20 % conversion and brought back after 1.5
h, (c) overlapped monomer conversion from (a) and (b), and (d) ln([M]0/[M]) vs time
(kpapp = 0.0277 min-1, k1papp = 0.0253 min-1, k2papp = 0.0261 min-1) for both experiments.
Polymerization conditions: MA = 2 mL, DMSO = 1 mL, [MA]0 = 7.4 mol/L,
[MA]0/[MBP]0/[Cu0]0/[Me6-TREN]0 = 222/1/0.1/0.1, Cu0 425 m. Reprinted with
permission from ref. 106. Copyright 2008 American Chemical Society.

Slight deviations in linearity in the plot of kpapp vs. (SA)1/2 and its failure to
achieve a 0,0 intercept (0 reaction rate for 0 Cu surface area) were presumed to be the
result of polydispersity of the Cu0 powder. It had previously been shown that extremely
small Cu0 such as Cu0 nanoparticles provide a discontinuous increase in C-X
decomposition rates.171 As larger Cu0 powders are typically only analyzed via mesh
screening smaller particle sizes are likely present and result in an elevation in the rate of
polymerization.
Cu0 wire had been used in the SET-LRP of VC initiated with CHBr3 in DMSO at
25 C. Cu0 wire has practical advantages over Cu0 powder, the most obvious is that it is
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easily removed and recycled.107 The use of Cu0 wire as a catalyst for SET-LRP also
imparts greater precision in total surface area of Cu0 used. The surface of Cu0 wire is
more uniform than Cu0 powder, is a single “monodisperse” catalyst, and the total surface
area can be easily modified by changing the thickness (as indicated by the American
Wire Gauge system) and length of wire used. Therefore, Cu0-wire-catalyzed SET-LRP
can be used as a more careful probe of the surface-dependent kinetics of SET-LRP. A
series of experiments using Cu0-wire/Me6-TREN-catalyzed SET-LRP of MA initiated
with MBP in DMSO at 25 C, where the total surface of Cu0 wire in the experiment was
modulate through the use of varying lengths and thickness of Cu0 wire.
First, the external rate of order of Cu was re-examined through Cu0 wire
experiments. Analysis via a semilogarithmic plot of ln[Cu0]0 vs ln(kpapp) indicated an
external rate order of 0.329 was observed for [Cu0]0 (Figure 7.17a). This plot contained
notable deviations from linearity and as a result had an R2 of only 0.85. As the reaction is
presumed to be surface mediated, the total mass/concentration of Cu0 should be less
significant than the total surface area used. Semilogarithmic analysis of ln(SA) vs ln
(kpapp), provided an external surface area dependent rate order 0.44 (Figure 7.17b). The
major deviations from linearity were corrected via transformation to surface area, and
greater linearity was observed R2 = 0.98. A complex less than unity external rate-order
with Cu0 surface area is expected for heterogeneous reaction where the chemical step has
a low activation barrier resulting in a mass-transfer limited process. However, the
complex mechanism of SET-LRP cannot be ignored as a reason for the less than unity
rate-order.
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Using the empirically derived external rate order of Cu0 surface area, kpapp was
found to vary with near perfect linearity with SA0.44 (Figure 7.17d). Cu0 wire experiments
were overlayed on the same scale (Figure 7.17c). Higher surface area/smaller diameter
Cu0 powder fit nicely with the previous data, while lower surface area/larger diameter
powders were slightly faster than expected, likely a result of their polydispersity.

Figure 7.17 - The effect of Cu0-Wire surface area on the kpapp of SET-LRP of MA.
Reprinted with permission from ref. 107. Copyright 2009 American Chemical Society.

The surface-area dependence on kpapp can be easily converted to a length
dependence and calibration curves for specific Cu0 wire thickness were made. Using
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these calibration tables, the rate of a given SET-LRP polymerization can be easily
tailored by choosing an appropriate wire thickness and length.
Cu0-wire/Me6-TREN catalyzed SET-LRP of MA in DMSO at 25 C also provides
better predictability of molecular weight evolution and distribution than powder
catalyzed analogues. Using 12.5 cm of 20 gauge wire (SA = 3.2 cm2), 90% conversion
was achieved in 37 min with Mw/Mn = 1.17. Increasing the total surface area to 14.4 cm2
via the use of 180 cm of 30 gauge wire results in 87 % conversion in 16 min with only a
small increase in polydispersity Mw/Mn = 1.27. Similar results were achieved when BPE
was used as a bifunctional initiator. Observations suggested that there is optimum surface
area for maximum regulation of polydispersity. This regulation actually increases with
increasing kpapp up until this optimum value and then begins to decrease. The reason for
this phenomenon is not clear, but is distinct from polydispersity control in ATRP where
increasing kpapp is expected to result in decreased ability to mediate the LRP.
It was proposed that ‘nascent’ Cu0 produced in situ via disproportionation is the
most active species in the SET-LRP activation process. Indeed, DLS experiments have
shown a distribution of particles sizes produced via disproportionation.133 Filtration
experiments have shown that Cu0 produced in this fashion contains to some degree
extremely small and therefore extremely reactive nanoparticles. However, it was also
demonstrated that disproportionation in the presence of Cu0 wire, while not changing the
extent of CuIX consumed, changes the size distribution of Cu0 formed. In DMSO with
[Me6-TREN]o/[CuIBr]o = 1 a bimodal distribution of particle size is formed with a large
contribution of suspended colloidal Cu0 resulting in a turbid solution. In the presence of
Cu0 wire the disproportionation under the same conditions results in a unimodal
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distribution of particle sizes and a visibly less turbid suspension. It is therefore, likely
that the Cu0 wire or powder surfaces used in SET-LRP template the growth of Cu0
particles and serve as nucleation sites. While, these results are only preliminary, they
begin to hint at an explanation as to why the initial surface of Cu0 used in the reaction
dictates the kinetics of the reaction. Possible explanations include: 1) a large excess of
bulk Cu0 is used relative to ‘nascent’ Cu0 produced; 2) the initial surface area dictates the
amount of ‘nascent’ Cu0 produced via the initiation process; 3) nascent Cu0 may in fact
partially agglomerate on the bulk Cu0 surface removing it from suspension and; 4) the
surface may regulate the size distribution of Cu0 formed during disproportionation and
therefore determine to what extent it contributes to the kinetics.
Activation Step: Electron-Transfer: (The full details of the computational study

concerning electron-transfer in SET-LRP is provided in Chapter 9). In the previous
section the role of Cu0 surface area on the kinetics of SET-LRP was explored. The
reversible interruption of polymerization by decantation of the reaction mixture from the
bulk Cu0 as well as the predictable correlation of kpapp with surface area provided strong
evidence for surface mediated activation by Cu0.
While the generation of radicals in SET-LRP is likely mediated by the Cu0
surface, the fundamental mechanism of their generation is a source of debate and
speculation. In its simplest form the activation step of SET-LRP is Dn + R-X  R• + (X+ Dn+1), where Dn is the donor, D, in oxidation state n. A donor, in most cases Cu0 for
SET-LRP and Cu0 or SO2- in the case of SET-DTLRP, oxidatively transfers an electron
to an organic halide R-X, resulting in the rupture of the R-X bond to form organic radical
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R and X- and Dn+1. This seemingly straightforward mechanism, can actually proceed
through three pathways.173
(Stepwise DET)

Dn + R-X  [R-X]- + Dn+1 R + X- + Dn+1

(5)

(Concerted DET)

Dn + R-X  R + X- + Dn+1

(6)

(Associative ET)

Dn + R-X  R + [Dn+1X]

(7)

Step-wise dissociative electron-transfer (DET), involves single-electron transfer
(SET) from the donor to the organic halide to produce a radical-anion intermediate,
which subsequently decomposes to furnish the radical and halide. Concerted DET,
involves SET from the donor to the organic halide mediating direct heterolysis without
the intermediacy of a radical-anion. Associative electron-transfer (AET) is the abstraction
of the halide by the donor without the formation of an ionic intermediate. Except in
donor-free reduction via a glassy carbon electrodes or through solvated electrons, where
AET is not applicable, all three processes are valid and continuum of mixed pathways is
also possible if not likely.
In systems containing a homogenous organic or organometallic donor or a
heterogeneous metallic donor, any ET process proceeds through the formation of a 1:1
Donor/Acceptor encounter or precursor complex as described by Mulliken174 and
Hush.175 It is the nature of the encounter complex that most broadly distinguishes the
fundamental mechanism of electron-transfer. Taube designated electron-transfer between
two metal centers via a conduit bridging ligand that belongs to the inner-sphere
coordination shell of both the donor and the acceptor as an inner-sphere electron-transfer
(ISET) (Figure 7.18).176-178 Electron-transfer reactions that occur through an encounter
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complex devoid of a bridging inner-sphere ligand, were termed outer-sphere electrontransfer (OSET).

Figure 7.18 - Taube inner (ISET) and outer (OSET) sphere electron-transfer.

While, the bridged complex in Taube ISET is often only transient, sometimes a
bridging interaction leads to a stable mixed-valence complex. The degree of electrontransfer in mixed-valence complexes can increase from complete localization (Robin-Day
Class I) to complete delocalization (Robin-Day Class III).179 ISET and OSET
terminology can be generalized to include organic and organometallic donors and
acceptors through comparison of the donor-acceptor interaction energies HDA.180 ET
reactions with small values of HDA can be considered OSET, while larger values
correspond to ISET. A formal bridging interaction would constitute a large HDA value
and thus the two definitions for ISET are consistent. OSET processes with low HDA can
be modeled via potential surface of the self-exchange reactions of donor and acceptor
according to Marcus Theory.181
The R-X cleavage in SET-LRP and SET-DTLRP, can potentially occur via an
OSET or an ISET process depending on the degree of interaction between the donor, Cu0
or SO2- , and the acceptor R-X in the encounter complex. In the weakly or noninteracting extreme, an OSET DET process will occur where the electron from the donor
is transferred to * R-X orbital. The resulting destabilization leads to stepwise or
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concerted bond cleavage to R and X-. Concerted vs step-wise dissociation is largely
determined by the stability of the prospective radical-anion intermediate in the reaction
milieu. Stronger interaction between the donor and acceptor molecules can lead to an
ISET DET process. Here, the electron-transfer to the * orbital proceeds through a more
intimate, complex of donor and acceptor, but ultimately result in the heterolytic cleavage
and diffusion of R and X- . If a bridging halide interaction does occur in accordance
with the Taube ISET model, electron-transfer can proceed according to AET, where the
halide migrates to the donor forming a complex and R.
The continuum between OSET and ISET, DET and AET, concerted and stepwise,
depends on the structure of the donor, acceptor, the electronic environment of the
reaction medium, and temperature and such classification can be ambiguous. Step-wise
OSET DET can be modeled readily via the Marcus Hush two-state-theory. Concerted
OSET DET requires modification of the original Marcus Theory to include simultaneous
bond breaking via a repulsive product curve. ISET DET or AET is not readily modeled
by a two state theory and the entire donor, acceptor complex needs to be considered.
As a point of reference, ATRP has been dubbed a “homolytic” ISET process,
where the equilibrium between dormant species P-X and propagating macroradical is
mediated by a complex reaction, composed of four elementary contributing reaction.74
CuIX/N-ligand + P-X  CuIIX2/N-ligand + P
Homolysis:

R-X  R + X

(8)

Electron-Transfer:

CuIX  [CuIIX]+ + e-

(9)

Reduction:

X + e-  X-

(10)

Complexation:

[CuIIX]+ + X-  CuIIX2

(11)
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It was further suggested that the KATRP the equilibrium constant of ATRP is the
multiplicative product of the equilibrium constants for all four of these elementary
reactions. A series of computational studies were performed on the thermodynamics of
homolytic bond dissociation of initiators and dormant species relevant to ATRP.182-184
While these studies provided useful trends in homolytic bond dissociation energies and
obviously the strength of the R-X bond plays a role activation, it is unlikely that the
dissection of the ATRP into these elementary steps has any particular relevance. Even if
the bond-breaking process resembles homolysis, the interaction between donor and
acceptor needs to be incorporated.
Monteiro has reported that the complex of CuBr with NH2-capten mediates the
radical polymerization of Sty initiated with 1-bromoethylbenzene (1-BEB).139 NH2capten is a macrobicyclic ligand and in its complex with CuI/II the metal should reside in
the center of the ligand cavity. In other metal caged complexes, due to the limited lability
of the coordination sites and the steric demands of the ligand, electron-transfer reactions
were found to be outer-sphere.185-187 Similarly, the formation of an inner-sphere
encounter complex between CuBr/NH2capten and the dormant bromo chain ends of
styrene is unlikely, and thus any activation it mediates will occur via OSET. CuBr/NH2capten mediates LRP of Sty at 60 C, while CuBr/bpy did not. At 100 C, CuBr/NH2capten mediated significantly faster radical polymerization than CuBr/bpy. The
polymerization was not living as completely encapsulated CuBr/NH2Capten was unable
to mediate significant deactivation. CuBr/NH2capten was then targeted for use as an
activator for the multiblock coupling of α,ω-(dibromo)PSty. Despite CuBr/NH2capten’s
remarkable rate acceleration the radical polymerization of Sty, no multiblock coupling
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was achieved in toluene. However, in DMSO, a solvent that is known to mediate
electron-transfer, efficient multi-block coupling could be achieved. It is evident that
activation with CuIBr need not be ISET and that at least comparable if not higher
activation rates can be achieved through an OSET process.
The role of DMSO in accelerating CuIBr/Pr-PMI mediated LRP has been
previously discussed.138 The enhanced polarity of the solvent was suggested to stabilize
charge separation in the transition state and induce greater separation of the cuprous
halide catalyst resulting in a potentially more reactive Cu+/L active species. Further it
was recognized that DMSO could complex either CuII, enhancing the activation process,
or CuI thereby altering its reactivity. In the context of SET-LRP and perhaps ATRP if it
does proceed to some extent through an electron-transfer process, the rate of electron, ket,
transfer rate can be modelled via the Marcus-equation.
2
ket 
H AB
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exp 
 4 kbT
4 kbT
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(12)

Here HAB is the donor, acceptor coupling constant also referred to as HDA and  is the
solvent reorganization energy, h is Planck’s constant, kb is Boltzmann’s constant, and T is
temperature.  can be broken down according to  = in + out. Solvation can affect the
process in three fundamental ways. First solvent can affect the outer-sphere
reorganization energy out. as out  (1/n2-1/r), where n is the index refraction and r is
the relative permittivity.188 This effect of solvent on in is not significant for most of the
solvents of interest. Second, selective solvation of either products or reactants can affect
the Go of the electron-transfer process. Third, the relative stabilization of charge transfer
complex itself can be affected by solvation. In a radical-abstraction process, as suggested
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for the “homolytic” ISET process in ATRP, there is limited charge build up in the
transition state / donor-acceptor complex and as the departing halide is captured by the
metal center, CuII in the case of ATRP, selective solvation of the halide is not expected to
be significant. However, the selective solvation of CuII by coordinating solvents such as
DMSO could accelerate ATRP in that media. However, in other polar media that does
not selectively solvate CuII, increasing the solvent polarity or reaction mixture polarity
has resulted in decreased reaction kpapp.189
SET-LRP is conducted almost exclusively in polar solvent mixtures, as they are
generally more apt at mediating disproportionation.103 It has been demonstrated that the
addition of H2O to organic solvents results in a linear increase in the kpapp and a general
increase in control. Both the increase in rate and improved control may be partially
attributable to improved disproportionation of CuIX in aqueous media. However, it is
also evident that the polarity of the solvent itself plays an important role. The transition
state in the outer-sphere electron-transfer process of SET-LRP should be a donoracceptor charge-transfer (CT) complex between the electron-donor, Cu0, and electronacceptor initiator or dormant propagating species. Solvents that stabilize charge-transfer
complexes should also enhance the rate of SET-LRP. DMSO is a very polar organic
solvents and it is no coincidence that it is one of the best solvents for SET mediated
organic reactions140 and for SET-LRP.21 The Dimroth-Reichardt parameter (ETN),190 is a
measure of solvent polarity based on the transition energy of CT band of a pyridinium Nphenolate betaine dye. It is evident that there is a very strong correlation between the
ETN of the solvent and the kpapp of the reaction (Figure 7.19). Acetone, DMAC, DMSO,
NMP and their binary mixtures with water can all be fit with a single linear regression.
However, EC, PC, EtOH, MeOH, and methoxy ethanol are offset from the main-trend
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line. Later studies concerning binary mixtures of organic solvents, show that in mixtures
of EC-DMSO, EC-DMF, EC-DMAC, and DMSO-acetone, the addition of more polar EC
or DMSO serves the same role as H2O in enhancing the kpapp.132 For higher proportions of
DMSO, DMF or DMAC the results fit the trend line observed previously for binary
mixtures of organic solvents and H2O (Figure 7.20). However, when higher proportions
of EC are used in these examples or MeOH in other examples, deviations from the maintrend line are observed. This deviation is likely caused by the fact that alcohols and alkyl
carbonates do not stabilize colloidal Cu0 while DMAC, DMF, and DMSO do. Thus, the
kinetics and control of SET-LRP are cooperatively and synergistically controlled by
solvent polarity and its ability to stabilize polar transition states and intermediates, as
well the extent of disproportionation in the solvent/ligand mixtures, and its ability to
stabilize colloidal Cu0 and regulate its size distribution.

Figure 7.19 - kpapp vs ETN for the SET-LRP of MA initiated by MBP in various solvents
and binary mixtures of solvents. Reaction conditions: MA = 1.0 mL, solvent 0.5 mL,
[MA]o = 7.4 mol/L, [MA]o/[MBP]o/[Me6-TREN]o = 222/1/0.1, Cu0 = 12.5 cm of 20
gauge wire. Reprinted with permission from ref.103. Copyright 2009 John Wiley & Sons,
Inc.
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Figure 7.20 - kpapp vs ETN for mixtures of DMSO, DMF, and DMAC with acetone and
EC. The dashed line corresponds to the trend line observed for binary mixtures of
DMSO, DMF, DMAC, acetone, and NMP with water. Reprinted with permission from
ref. 132. Copyright 2009 John Wiley & Sons, Inc.

The rate enhancement afforded by solvents with high Dimroth-Reichardt
constants in SET-LRP is likely a combination of its ability to stabilize charge separation
in the ET transition state, the cuprous cation and the halide anion derived via the DET
process. Mechanistic studies have suggested a DET mechanism for the oxidative
dissolution of Cu0 by benzyl halides in dipolar aprotic media.167-170 In their studies, the
rate of reaction was not correlated with the Dimroth-Reichardt parameter, though DMSO
was still the best solvent. In their case the Cu0  CuI redox process was occurring
without the presence of N-ligand. Thus, they found that specific solvation of in situ
generated CuI cations with high donor number (DNSbCl5) solvents was necessary. In SETLRP, N-ligands such as Me6-TREN stabilize transient CuI and resultant CuII species, in
place of or in conjunction with solvent. Thus, solvent polarity becomes a more prominent
effect.
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In non-transition metal catalyzed SET-DTLRP it was proposed that SO2mediates DET of R-I intermediates. SO2- generated via sodium dithionite is well known
for its ability to mediate the perfluoroalkylation or sulfinatodehalogination of
perfluoroalkyl halides via a radical mechanism, presumably through a heterolytic
cleavage of perfluoroalkyl halides.191 Sulfinatodehalogenation mediated by SO2- is
presumed to proceed through the SET mediated cleavage of RF-X to RF followed by
addition of SO2/SO2-.173, 192-193 While the reaction could conceivably proceed through an
SN2 or bromonium abstraction, the presence of RF has been shown in solution via ESR
and chemical trapping studies.194-195 It is generally believed that this process goes by
DET to the * orbital followed by heterolytic cleavage. However, Savéant has noted the
significant acceleration of the SO2- reduction of CF3Br versus the corresponding
reduction via pure OSET aromatic radical-anions in cyclic voltammetry experiments.196
Savéant invoked either an intimate ISET process or Br abstraction as a cause for the rate
enhancement and later dubbed SO2- an inner-sphere donor. Savéant also suggested that
the complexation of SO2 with Br- is a driving force for the rate acceleration via an
abstraction process. Wakselman has argued against the abstraction mechanism citing as a
chief detractor that in preparative trifluoromethylations using SO2-, SO2Br- formation
was not observed.173 Regardless, of the true nature of the reaction of SO2- with CF3Br,
any conclusions drawn for perfluoroalkyl halides is unlikely valid in the case of alkyl
halides. In the case of perfluoroalkyl halides, the electron withdrawing power of the
fluoride polarizes the C-X bond, placing a partial positive charge on the halide. Through
this partial positive charge perfluoroalkyl and perfluoroaromatic halides can complex
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with Lewis bases and has been used as a receptor in crystal, liquid crystal, and polymer
organization.197 In alkyl halides, the partial charge on the halide is negative and thus an
encounter complex between R-X and SO2- is expected to be less intimate and less likely
to involve a halide bridge. Thus, even if an inner-sphere encounter complex may be
accessible for CF3Br and other perfluoroalkyl-halides the same cannot be concluded
about alkyl halides. Further, in SET-DTLRP the prospective electron acceptors are alkyl
iodides. I- and the reaction is conducted in the aqueous media. The enhanced solvation of
I- in aqueous media relative to Br- in polar organic media of Savéant’s study196 further
limit the likelihood of a SO2I- adduct via an associative mechanism.
The likelihood of an SET pathway is often bolstered if the reaction is slowed by
the presence of an electron-transfer inhibitor such as dinitrobenzene (DNB). In the
Cu0/Me6-TREN catalyzed SET-LRP of MA in toluene/phenol, it was interesting to note
that the only phenol additive that did not mediate any polymerization was nitrophenol.131
Even in the absence of phenol, polymerization proceeded, but with limited conversion
and increased polydispersity. While no explanation for the incompatibility of nitrophenol
with SET-LRP was given, it is likely that nitrophenol is acting as a competitive electron
acceptor. p-Nitrophenol is a potent electron acceptor, with Eo (DMSO) (vs. SCE) of 1.26.198 Due to the protic nature of nitrophenol, even in aprotic solvents such as DMSO,
it undergoes proton assisted irreversible reduction to p-nitrosophenol, and a variety of
other further reduced adducts. As the reduction potential of nitrophenol is lower or on par
with the organic halide initiators and dormant species involved in SET-LRP, it stands to
reason that it inhibits the SET process through irreversible reduction thereby consuming
the catalyst.
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As DET is the likely mechanism of Cu0, Cu2X and SO2- mediated SET-LRP and
SET-DTLRP, it is the electron affinity and heterolytic bond dissociation energy that are
most relevant to the thermodynamics and kinetics of activation. Accordingly, studies
were performed to compute the heterolytic bond dissociation energies (BDE) of model
initiator and dormant halide compounds via DFT (B3LYP) at the 6-31+G* level of
theory.21,
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The trend in heterolytic BDEs were identical to those of homolytic

dissociation energies calculated for ATRP, as it is the relative stability of the resulting
radical that varies from structure to structure. With an effective electron donor like Cu2X,
Cu0

or SO2- a mechanism involving heterolytic dissociation via ET is expected to be

more rapid than a mechanism that proceeds mostly through homolysis. Further, DFT of
the heterolytic dissociation process suggested the possibility of a step-wise pathway via a
radical-anion intermediate. Radical-anions as transient intermediates are not unfamiliar in
organic reactions. In all cases except for CH3CHCl2, the computed radical-anion
intermediate was lower in energy than the completely dissociated radical and anion.21, 105
In the first publication of SET-LRP,21 which contained a more limited set of
computations this radical-anion intermediate was referred to as a “radical-anion cluster”
which may be caged with the resulting CuIX/L+ salt21 (Figure 7.21). However, when the
study was expanded to include a greater diversity of initiator and dormant-species model
compounds the intermediate was referred to specifically as a radical-anion.105 This
distinction will be addressed.
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Figure 7.21 - Comparison of homolytic and heterolytic dissociation processes for methyl
acrylate model compounds. Reprinted with permission from ref. 21. Copyright 2006
American Chemical Society.

The relative energies of the radical-anion intermediates to the neutral organic
halide provides a trend for the electron affinities of the model initiators and dormant
halides. In all cases the electron affinity decreased according to I > Br > Cl. However, the
stability of the radical-anion intermediates decreased according to I < Br < Cl. MMAdormant chains were found to be more effective electron acceptors than MA dormant
chains which were better acceptors than VC or vinyl acetate (VAc) chain ends. Notably
arenesulfonyl halides, were found to have the highest electron affinities of all species,
which falls in line with their enhanced rate of initiation. The variation of heterolytic BDE
between organic chlorides, bromides and iodides, was much less significant than
differences between the homolytic BDEs. A later study evaluated the thermodynamics of
bond dissociation through G3(MP2)-RAD(+) ab initio methods. This higher level of
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theory study addressed the obvious point that the negative entropy of dissociation, the
oxidation potential of the catalyst, as well as solvation will somewhat mitigate the
benefits of heterolytic OSET process and perhaps favor a concerted rather than step-wise
process where radical-anions are at most transient species.105 Organic halides with high
electron affinities are expected to react with Cu0 via an electron-transfer mechanism. The
relatively small difference in heterolytic BDEs is corroborated by less than an order of
magnitude differences in kpapp for iodo chain ends vs chloro chain ends. These
observations are in accord with other outer-sphere heterolytic dissociative electrontransfer processes.22 These can be contrasted to the difference in 103 – 104 differences in
kact for ATRP which bear greater accord with results from reactivity trends in other innersphere processes.23
Later re-examination of the computational studies on heterolytic BDEs and
electron affinities, revealed three related oversights.104 1) Most but not all stable radicalanion intermediates are somewhat higher in energy than the neutral compound and
significantly higher in energy than the dissociated product, as is the case the
decomposition of aryl halides. 2) In most cases the R-X bond distances found were too
long to be considered a radical-anion. 3) The only case where the supposed radical-anion
intermediate was higher in energy than the dissociated radical and anion was CH3CHCl2.
In this case the R-X bond distance was much shorter than the other cases and was more
consistent with a radical-anion.
Savéant also made careful study of the electrode catalyzed dissociative electrontransfer to organic halides largely via cyclic voltammetry and computational modeling.199
He has observed significant accelerations in electron-transfer to organic halides bearing
strong electron withdrawing groups, including perfluoroalkyl halides,199-200 carbon
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tetrahalides,201 haloacetonitriles,202 and α-haloacyl203 and related compounds. This rate
acceleration has been attributed to the largely Coulombic attraction of relatively
electropositive organic radicals, made so via the pendant electron withdrawing group,
and anions. This ion-dipole interaction modulates the activation barrier via a correction to
the Marcus-Hush relationship. As the stabilization term is in the quadratic Gibbs freeenergy portion of the equation (equation 12), very small stabilization energies can have a
dramatic effect. Thus, even in polar media that attenuate ion-dipole clustering, the small
residual interaction still results in notable rate acceleration. This mechanism of DET has
been termed Sticky-dissociation.202 It should be noted that while sticky dissociation has
been confirmed experimentally, theoretically according to the Marcus equation, and in
gas-phase ab initio studies, similar ab initio studies using continuum dielectric models
have routinely failed to find a minimum corresponding to the anion radical pair. This has
been regarded as a failing not of the theory, but of the state of solvation modeling in
traditional QM packages. It should also be noted that while this form of dissociation does
result in an intermediate, bond-breaking is concerted with electron-transfer.
The effect of sticky dissociation can be best visualized through potential energy
profiles. The presence of an ion-dipole in sticky dissociation and the formation of a caged
anion radical pair results in a transition from purely dissociative curve to a Morse
potential, lowering the energy of the intersection point (diabatic transition state, or
intrinsic self-exchange energy for R-X/{R+X-}). This effect can also be observed in
cases where a true radical-anion may precede the formation of the anion radical pair.204
The computational studies reported previously were repeated, this time adding to
them an examination of the potential energy surfaces of homolytic and heterolytic
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dissociation. While the trends of the previous study were replicated, there were some new
findings. First, the potential energy profiles in almost all of the SET-LRP relevant
compounds investigated (organic halides with electron withdrawing functionality) were
akin to those reported for other systems found to undergo sticky dissociation.
Specifically, a minimum was observed at large C-X bond distances corresponding to a
coulumbic ion dipole attraction. In these cases the charge was almost entirely localized
on the halide and conversely the spin was largely concentrated on the carbon center.
Second, while the electron affinity and stabilization trends from the original study were
by and large replicated, some corrections were made as a lower energy minima was
found at a different bond distance than what was reported previously. Most notably in the
case of the CH2Cl2 anomaly, a lower energy sticky anion-radical pair was found at larger
distance, bringing it in line with the other compounds. However, it is possible that in the
DET of CH2Cl2 a true radical-anion intermediate may precede the anion-radical pair,
providing for a step-wise DET pathway. This intersection of the homolytic and
heterolytic dissociation curves, allowed for the crude approximation of the intrinsic selfexchange barrier for the organic halides being investigated. The values reported are
uncorrected energies calculated at a relatively low level of theory. However, it is not the
quantitative nature of this exercise that is important, but rather the implied trends.
Specifically, we were interested in what monomers and initiators that have not currently
been investigated experimentally might be compatible with SET-LRP. It was found that
acrylonitrile, methyl acrylonitrile, styrene, α-methylstyrene, vinyl bromide, vinyl
fluoride, vinyl acetate, and 2-chloropropene all have electron affinities and anion-radical
pair stabilization energies comparable with monomers already shown to be compatible
with SET-LRP. Thus, under suitable conditions their SET-LRP is expected.
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Further, it was found that while clearly less favored than activation of other
organic halides, the activation of certain organic fluorides, such as head-to-head and
head-to-tail poly(vinylidene fluoride) may be possible. It has been reported that
CuCl/Me6-TREN can mediate the graft polymerization of MMA and oxyethylene
acrylate in NMP initiated with poly(vinylidene fluoride).205 This polymerization was
originally reported as an ATRP process. The solvent/ligand combination of NMP and
Me6-TREN has been reported to mediate the disproportionation of CuIX and thus an
SET-LRP mechanism is more likely.21 Additionally, the Cu0-wire/Me6-TREN SET-LRP
of MA in NMP has been reported.103 This is supported by the compatibility with near
room temperature conditions despite the homolytically inert C-F bond. Further, the use of
Me6-TREN as ligand resulted in a huge rate increase relative to 4,4’-dimethyl-2,2’dipyridyl (DMDP, a bpy analog). This can be attributed to faster disproportionation via
Me6-TREN providing for a Cu0 rather than a CuI catalyzed process more readily than it
can be attributed to the enhanced reactivity of CuICl/Me6-TREN versus CuICl/DMDP,64,
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in direct analogy to the way in which Cu0 regardless of ligand choice provides for

reactivation of the stable dormant geminal-dihalides in VC polymerization, while CuIX
catalysts uniformly fail. Additionally, it had been concluded that for all intents and
purposes reaction control was lost in CuICl/Me6-TREN MMA polymerizations relative to
CuICl/bpy

polymerization.206

In

the

CuICl/Me6-TREN

catalyzed

extension

polymerization of MMA initiated with PVDF, switching from a bpy analog to Me6TREN as a ligand increased the reaction rate without diminishing the control of
molecular weight distribution. In fact for the reported conversion the control was better.
In a CuI mediated activation of PVDF a CuI fluoride complex will result. It is not clear
how well this product will mediate deactivation to form the dormant chloride chain end.
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However, as disproportionation is occurring in Me6-TREN, CuIICl2/Me6-TREN
deactivator is being produced without going through the fluoride complex. Thus
Cu0/Me6-TREN

likely

provides

rate

acceleration

via

enhanced

kact,

while

disproportionation provides control, thus SET-LRP.
Experimental Evidence of Radical-Anions and Consequences for ET: Of note,

phenylsulfonyl halides were one of the species examined through energy profile
modeling to reveal a single radical-anion like intermediate.104 Here, the bond distances of
the intermediate were only increased by 0.5-0.7 Å and charge and spin were more
delocalized. Recently, it has been shown through pulse radiolysis studies that the
heterolytic dissociation of MeSO2Cl does indeed proceed through a radical-anion
intermediate.52 In aqueous media, a single solvated electron adds to the * S-Cl orbital to
form a quasi-trigonal bipyramidal intermediate (Figure7.22).

Figure 7.22 - Radical-anion formed via outer-sphere heterolytic dissociation of
MeSO2Cl.

DFT energy profile modeling of MeSO2Cl reveals values for bond electron
affinity, radical-anion stabilization energy, and heterolytic bond dissociation energy that
are within 1 kcal/mol of the values obtained for PhSO2Cl. Also the bond elongation in the
radical-anion, and PhSO2Cl reveals slightly greater if any difference in charge and spin
delocalization. Thus, PhSO2Cl and MeSO2Cl are expected to behave similarly in ET
processes. Cu0 and Cu2X LRP initiated with sulfonyl halides exhibited several order of
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magnitude faster initiation than propagation. This suggests that greater electron affinity
and stability of the radical-anion intermediate may dramatically enhance ET, even more
so than in the case of alkyl halides with electron withdrawing groups. The existence of
radical-anions in DET reactions has also been suggested by Wakselman.173 NaI and
CF3Br in the presence of SO2- results in the formation of CF3I. It was suggested that
SO2- mediates the production of CF3- which colligates with I- to form a radical-anion,
which is subsequently oxidized.
The only dormant-chain end mimetic that exhibited similar behavior to sulfonyl
halides in computational studies was methyl cyanoacrylate. However, what could be seen
in all cases was that increasing the electron withdrawing character of the side groups on
the initiator or monomer, decreased both homolytic and heterolytic bond dissociation
energies, and increased both the electron affinity of the organic halide and the stability of
the radical-pair. At the extremes of electron withdrawing character a true radical-anion
intermediate may be formed via ET. Thus a continuum between concerted and step-wise
dissociative electron-transfer may exist in SET-LRP.
Deactivation Step via CuIIX2/N-Ligand: Other than the propagation step which is

expected to be identical with all radical polymerizations, the only other expected
commonality with ATRP is the deactivation step. In both ATRP and SET-LRP the
propagating macroradical Pn• is assumed to be converted to the dormant species Pn-X via
CuIIX2/N-ligand. A few subtle differences are expected. First, the use of polar solvents is
expected to solvate the halide and produce deactivators with the structure [CuIIX/L]+ as
opposed to neutral CuIIX2. This may affect the fundamental mechanism of deactivation. It
is possible in this case that deactivation proceeds through the formation of a C-CuIIIX
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complex that rapidly decomposes to C-X and a cuprous species. Alternatively, an
electron-transfer mechanism via radical and halide colligation followed by CuII mediated
oxidation could be envisioned as suggested by Wakselman for the reaction of NaI and
perfluoromethyl radicals.173 Such a reaction either requires an unlikely ternary collision
of CuII, radical, and halide or through the intermediate formation of stabilized anionradical pairs or radical-anions. It has been difficult to probe such reaction through cyclic
voltammetry as polarimetric reductions of electron withdrawn organic halides result in
irreversible two-electron reduction to the anion. There has been some ESR observation of
perfluoroalkyl halide radical-anions and sulfonyl halide radical-anions by ESR hinting at
a discernable lifetime of such species in solution.
From the standpoint of kinetic experiments, calculation of the external rate-order
of polymerization in [CuIIX2/Me6-TREN]o provides some interesting insight. In the
original report of SET-LRP, most experiments were performed without the addition of
CuBr2. A series of experiments was performed where the CuBr2/Me6-TREN to Cu0 ratio
was increased from 0.1 to 2.0 in the SET-LRP of MA initiated with MBP. Here
evaluation of the semilogarithmic plot of ln[CuIIBr2]0 vs. ln(kpapp) demonstrated an
external rate order in [CuIIBr2/Me6-TREN]0 of -0.92 was obtained.21 Another series of
experiments was performed where the CuIICl2/Me6-TREN to Cu0 ratio was increased
from 0.2 to 0.6 in the SET-LRP of MA initiated with MCP. Here evaluation of the
semilogarithmic plot of ln[CuIICl2]0 vs. ln(kpapp) demonstrated an external rate order in
[CuIICl2/Me6-TREN]0 of -0.80 was obtained.116 However, one more series of experiments
was conducted where the CuIIBr2/Me6-TREN to Cu0 ratio was increased from 0.05 to 0.2
in the SET-LRP of MA initiated with MBP. Though not described in the report,
evaluation of the semilogarithmic plot of ln[CuIIBr2]0 vs. ln(kpapp) demonstrated an
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external rate order in [CuIIBr2/Me6-TREN]0 of -0.16.118 It is apparent that the external
rate order of deactivator varies depending upon the domain of equivalency. At very low
loading levels, for instance 0.05 deactivator to initiator, a significant improvement in the
control of molecular weight evolution and distribution can be achieved without altering
the kpapp. Here, deactivation at the early stages of polymerization is provided by external
addition of deactivator while initiation and disproportion are still building up needed
loading levels, but its effect is diminished through eventual entrance into the
disproportionation cycle. At higher external loading levels of CuIIBr2 deactivation and
disproportionation does not significantly diminish the CuIIBr2 loading levels and thus the
amount of deactivator present in solution is externally rather than internally controlled.
Regarding Microscopic Reversibility of SET-LRP: It has been suggested that the

mechanism of SET-LRP violates the principle of microscopic reversibility.112 A typical
Onsager triangle network analysis207 was applied to the analysis of SET-LRP (Figure
7.23).

Figure 7.23 - Simple Onsager triangle analysis of SET-LRP.

In the Onsager triangle analysis, the product of the rate constants of the forward
cycle should equal the product of the rate constants of the reverse cycle. If these were the
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only and correct contributing reactions in SET-LRP, an inverse relationship between Kdisp
and the rate constant of Cu0 catalyzed activation would be correct as stated: 112

kact ,Cu( 0 )
kact ,Cu( I )



kdeact ,Cu( I )
kdeact ,Cu( II )

1
K disp

(13)

Such analysis would suggest that any system where disproportionation is strongly
favored would also mean that Cu0 is less active of a catalyst in that system. A constant
challenge for those pursuing the development of SET-LRP is that the mechanism is not
so simple (Figure 7.24).
This disproportionation and activation/deactivation cycle is not an isolated
homogenous system as described in the simpler Onsager triangle. Rather, activation from
Cu0 is a heterogenous process, while deactivation and disproportionation are
homogenous processes. This heterogenous process occurs both via Cu0 supplied in bulk
and the ‘nascent’ Cu0 derived via disproportionation, two distinct catalysts. While some
details are emerging regarding the formation and agglomeration of ‘nascent’ Cu0,133 the
kinetics and thermodynamics of the agglomeration process are not understood fully at the
present time. Additionally, the disproportionation process and the activation processes
must incorporate the change binding state of the ligand. Finally, the propagation of active
radicals in the homogenous phase and the corresponding exothermic driving force must
also be considered. As mentioned in a recent essay on microscopic reversibility,208
exothermic interface crossing reactions can drive reactions in unilateral directions. While,
complex mechanism and “special circumstances” should not be invoked to simply
attempt to dodge the logic of the fundamental principle of microscopic reversibility, it is
just as important to incorporate all processes into the network and apply the principles in
sensible way.
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Figure 7.24 - Full Mechanism of SET-LRP involving all heterogenous and homogenous
processes.
Mechanistic Overview and Perspective: The mechanism of SET-LRP, like most metal-

mediated polymerizations is multi-faceted and requires further investigation. In spite of
the many unknowns, a few details are clear. The observed rate acceleration compared to
CuIX catalyzed LRP even at room temperature below as well as the fact that kpapp is
roughly equivalent for chloro-, bromo-, and iodo-initiated polymerizations strongly
suggest an OSET activation process.21 The rate acceleration in SET-LRP is likely due to
the enhanced reactivity of bulk and ‘nascent’ Cu0. This enhanced reactivity is evidenced
by the ability of Cu0 to mediate the LRP of unreactive monomers such as VC.
Additionally, results to be published soon indicate that Cu0 nanoparticles prepared via
disproportionation are significantly more active for polymerization than bulk Cu0 or
commercially available powders. An example of polymerization with target MW of
20,000 g/mol ([MA]o/[MBP]o/[Cu0]o/[Me6-TREN]o = 222/1/0.1/0.1) utilizing these
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highly active nanoparticles achieved kpapp = 0.330 min-1 while maintaining a relatively
narrow polydispersity, MW/Mn = 1.21. The direct dependence of kpapp on Cu0 surface area
suggests a heterogeneous (i.e. surface mediated) process. The dependence of kpapp on
external CuII concentration is not as significant as expected in a process dominated by a
CuI activation / CuII deactivation equilibrium. Disproportionation is mediated by the
cooperative and synergistic use of appropriate N-ligand, N-ligand concentration and
solvent. Without disproportionation poor predictability of molecular weight evolution
and distribution as well as poor retention of chain-end functionality is observed.
Computational studies have suggested that SET to the initiator and dormant propagating
macroradical, can proceed through a continuum of step-wise DET via a radical-anion or
through concerted DET to form an anion-radical pair. While both processes can lead to
enhanced kact relative to the proposed homolytic ISET process of ATRP, the preparative
implications for the two processes are not clear, though it has been shown that enhanced
solvent polarity increase the rate of polymerization, presumably through the stabilization
of the polar intermediates and transitions states of the SET process.
SET-LRP can be mediated by the use of bulk Cu0, Cu0 derived from
initiation/activation with Cu2X (X=Te, Se, S, O), or Cu0 produced in situ via the
disproportionation of CuIX. SET-LRP at its core involves electron-transfer followed by
heterolytic bond-dissociation. CuIX mediated ATRP in its modern formulation is
proposed to involve homolytic bond dissociation and electron-transfer to the resulting
halide. Like SET-LRP, ATRP can be accessed from a variety of Cu oxidation states
including CuIX (normal ATRP) or CuIIX2 (inverse ATRP, A(R)GET-ATRP) and zerovalent Cu0 may be useful in some cases for modulating equilibrium constant via redox
reactions. While proponents of ATRP may be apt to lump SET-LRP into a category of
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“modified” or ARGET-ATRP, there is clear evidence that this is not the case. Further, it
should be noted that reducing conditions used in AGET and ARGET ATRP such as
hydrazine209 may in fact produce Cu0 as opposed to CuIX, or at minimum a mixture of
the two, and experimental conditions such as aqueous, other protic and dipolar aprotic
media, used in the various ATRP strategies in many cases mediate disproportionation of
CuIX. Therefore, many so-called ATRP reactions may be mediated in part or in full by
Cu0 processes and be in fact SET-LRP.
The mechanism of SET-LRP can most certainly be characterized as a complexsystem. Dissecting any single component of the mechanism while providing insight into
the underlying processes does not fully describe the interaction of the system as whole.
SET-LRP combines heterogeneous and homogenous chemistry, electron-transfer and
radical addition reactions, and is self-regulated through disproportionation. SET-LRP
responds to environmental conditions such as solvent polarity, ligand type and
concentration, the extent of disproportionation in the ligand/solvent mixture, and its
ability to stabilize colloidal Cu0 and self-regulate its size distribution. While the
complexity of the system may be daunting, it should indeed be a source of new
inspiration for discovery.

7.5 Conclusion and Perspectives
As summarized by Otsu15 in regard to LRP provided by reversible homolytic
dissociation:“In order to find a system of living radical polymerization in homogeneous
solution, one must try to form propagating polymer chain ends which may dissociate into
a polymer with a radical chain end and a small radical, which must be stable enough not
to initiate a new polymer chain.”
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Figure 7.25 - SET-LRP and SET-DTLRP in Context of other LRP techniques.

Many polymerization techniques including some metal catalyzed techniques such
as ATRP and Co-mediated LRP rely on this model (Figure 7.25). Other approaches rely
exclusively on degenerative chain transfer (e.g. RAFT, MADIX, TERP, SBRP) (Figure
7.25). However, SET-LRP and SET-DTLRP have provided an alternative model. Here,
through heterolysis, there is no concern of re-initiation from the anionic fragment.
The development of SET-DTLRP and more recently SET-LRP are a powerful set
of tools for the synthesis of vinyl polymers. Both techniques provide for the ultrafast
synthesis of ultrahigh molecular weight polymers while maintaining excellent control of
molecular weight evolution and distribution and perfect retention of chain-end
functionality. The use of simple Cu0 wire and powder in SET-LRP or non-transition
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metal catalysts in SET-DTLRP, the compatibility of both techniques with commercial
grade starting materials without prior purification, and the limited purification need of the
resulting polymers make them a suitable option for the synthesis of tailored polymers,
block copolymers, star block copolymers, and polymers with complex architecture.
Finally, it is a well established notion that reactions developed for organic
chemistry can be applied to the synthesis of polymers. ATRA and CuICl/bpy radical
cyclization were applied to polymer synthesis resulting in ATRP. Xanthate chemistry
was adapted in the development of MADIX. There is no reason why this paradigm
cannot be reversed, where a method developed for polymerization is applied to small
molecule organic synthesis. There is still significant interest in the development of freeradical reactions in organic chemistry. Perhaps, the mild-conditions for radical generation
offered by SET-LRP can be applied to organic synthesis triggered by the heterolytic
cleavage of a activated R-X bonds.
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Chapter 8
A Density Functional Theory (DFT) Computational Study of the
Role of Ligand on the Stability of CuI and CuII Species
Associated with ATRP and SET-LRP
(Adapted with permission from ref 1. Copyright 2007 John Wiley & Sons, Inc.)

8.1 Introduction
The copper catalyzed living radical polymerization (LRP) of vinyl monomers
proceeds through two different mechanistic pathways.2-6 In both atom transfer radical
polymerization (ATRP)2 and the recently formulated method termed single electrontransfer mediated living radical polymerization (SET-LRP),3, 7 the equilibrium between
active (propagating macroradical, Pn●) and dormant (halide-terminated propagating
macroradical, Pn-X) is established via a rapid activation/deactivation process, most often
involving various oxidation states of a Cu catalyst. ATRP (Scheme 8.1) proceeds with
activated monomers. The activator in ATRP is usually CuIX/L and the deactivator is
CuIIX2/L, where X=Cl, Br and L is an N-ligand. In this mechanism, activation/bond
dissociation is thought to occur through homolytic atom transfer of X from the initiator
(P-X) or the dormant polymer halide Pn-X to CuIX/L via an intermediary reduction of the
halogen radical to the halide anion, generating the initiating radical P● or the propagating
macroradical Pn● and oxidation of the catalyst to CuIIX2/L via an inner sphere electron
transfer process. In the deactivation step, the reverse is thought to occur, i.e. atom transfer
of halide anion back to the propagating radical regenerating the dormant polymer chain
and the reduced CuIX/L catalyst.
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Scheme 8.1 - Catalytic Cycle in ATRP, X=Cl,Br and L =N-ligand

SET-LRP proceeds with both activated and unactivated olefins containing
electron withdrawing substituents and with X=Cl, Br, and I. The catalysts involved in
SET-LRP are electron donor species such as Cu0, Cu2O, Cu2S, Cu2Se, and Cu2Te. The
catalytic cycle proposed for SET-LRP (Scheme 8.2), achieves an equilibrium of Pn● and
Pn-X in a markedly different manner. Dissociation of P-X and Pn-X is achieved through
an outer sphere electron transfer process wherein Cu0 donates a single electron to Pn/P-X
resulting in a radical-anion [Pn/P-X]●-, which degrades via a step-wise or a concerted
pathway to Pn● and X-. The CuI species either during the SET event or afterwards become
associated with an N-ligand. CuIX/L is rapidly disproportionated in coordinating solvents
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such as H2O, protic, polar aprotic, ionic liquids, and other polar solvents in the presence
of N-ligands to regenerate Cu0 and generate CuIIX2/L (Equation 1).

2CuIX/Ln

Cu0 + Ln + [CuIIX/L]X

CuIIX2/L

either

from

the

(1)

initial

reaction

mixture

or

generated

via

disproportionation of CuIX/L is thought to perform the reverse outer sphere oxidation of
P/Pn● to P/Pn-X.

Scheme 8.2 - Catalytic Cycle in SET-LRP

Previous work has shown that in ATRP the rate of inner sphere homolytic bond
dissociation, kact for Pn/P-X is altered dramatically depending upon the nature of the
halide, be it chlorine, bromine or iodine.8-10 While kact for SET-LRP has not been
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sufficiently studied, the complex apparent rate constant of propogatation, kpapp, (which
depends heavily upon kact) for SET-LRP has been shown to have negligible dependence
on halide for X=Cl,Br,I.3,

5

A previous computational effort has suggested that the

independence of rate and halide is attributable to the difference between bond
dissociation energies (BDE’s) of homolytic cleavage in ATRP and heterolytic cleavage in
SET-LRP. In ATRP type homolytic cleavage the BDE’s for the halides increases sharply
from iodine to bromine to chlorine whereas in heterolytic cleavage of the radical anion in
SET-LRP all dissociations of the radical anion are exothermic and there is a much
smaller difference in energy between halides.11
In this study we aim to use similar computational methods11 to ascertain the effect
of the N-ligand on the stability of CuIX, CuIIX, and CuII species in an effort to understand
how to promote disproportionation of CuIX and allow for entrance into SET-LRP
mechanisms over ATRP mechanisms.

8.2 Experimental Section
8.2.1 Methodology for Quantum-Chemical Calculations
All calculations were performed using Spartan’04 Quantum Mechanics Program
(PC/X86).12 Full geometry optimizations and single point energy calculations of all
structures were performed via Density Functional Theory (DFT) with the Becke-3parameter-Lee, Yang, Parr hybrid functional.13 The 6-31G* basis set was used for all
compounds containing only C, H, N, and Cl, atoms. Due to incomplete coverage of heavy
elements (e.g. iodine) computations involving compounds containing Cu, I, and/or Br
employed the LACVP+* pseudopotential basis set (a unification of the 6-31G* for light
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elements and the LAND2DZ psuedopotential for heavy elements) as implemented by
Spartan’04. The systems containing unpaired-electrons were optimized with the spin
unrestricted formalism. The spin contamination was found to be negligible in these cases,
since the expectation value of the total spin, <S^2>, was always found to cluster around
0.75. Frequency calculations, when computationally feasable, were performed to confirm
that there are no imaginary modes and ensure that the structures represent a local minima.
All geometry optimizations were performed without symmetry constraints (C1
symmetry) to ensure that the resultant geometry is not a local minimum. All ∆E energies
were converted from Hartrees to kcal/mol via the conversion constant 627.509 kcal/mol
Hartrees-1.

8.3 Results
8.3.1 The Effect of Coordination Geometry on Stabilization of CuI and CuIIX
N-Ligands used in Cu-catalyzed LRP are almost exclusively multidentate. The
structural demands of multidentate ligands force the ligand to bind in coordinative
geometries that are not necessarily ideal vis-à-vis the Cu electronic structure. To establish
the ideal binding geometry when ligand constraints are removed, we calculated the
relative energies of archetypal geometries of [CuI(NH3)4]+ (Figure 8.1) and
[CuIIX(NH3)4]+ , where X=Cl, Br, I (Figure 8.2). All single point energy calculations and
geometry optimizations were performed at the B3YLP/6-31G*(LACVP*) level, except
for those of the [CuIIX(NH3)4]+ complexes where the halide resides in equatorial positions
as those geometries do not reside at a local minimum in energy. For the square pyramidal
geometry with equatorial halide, a single point energy calculation was performed on a
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geometry generated by performing an optimization at the B3YLP/6-31G*(LACVP*)
level while constraining all of the N-Cu-N and N-Cu-Br bond angles at 90°. For the
trigonal bipyramidal geometry with equatorial halide, HF or DFT optimization with any
basis set results in final geometries other than trigonal bipyramidal. The single point
energy was therefore calculated at B3YLP/6-31G*(LACVP*)//PM3 level wherein fixed
Cu-N bond lengths from previous calculations and a fixed 180° Neq-Cu-Neq were
implemented for the semi-empirical geometry optimization.

Figure 8.1 - Relative Energies of [CuI(NH3)4]+ complexes
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Figure 8.2 - Relative Energies of [CuIIX(NH3)4]+ complexes

We find that of the modeled [CuI(NH3)4]+ complexes the lowest energy
conformation is tetrahedral, and is set as the 0 kcal/mole minimum energy conformation.
The trigonal pyramidal conformation is 8.68 kcal/mole and the square planar
conformation is 13.12 kcal/mole higher in energy than the tetrahedral conformation.
Structures that are geometrically intermediary between any of these geometries are
expected to have energies that are correspondingly intermediary.
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For the modeled [CuIIX(NH3)4]+ complexes we find that the trigonal bipyramidal
conformation with axial halide has the lowest energy, and is set as the 0 kcal/mole
minimum energy conformation. The square pyramidal conformation with equatorial
halide is 3.3-4.6 kcal/mol higher in energy than the trigonal bipyramidal conformation
with axial halide, followed by square pyramidal conformation with axial halide at 11.111.2 kcal/mole, and finally the trigonal bipyramidal conformation with equatorial
bromine at 14.5-17.5 kcal/mole. There is very limited variation in relative energies
between corresponding conformations with different halides. Structures that are
geometrically intermediary between any of these geometries are expected to have
energies that are correspondingly intermediary.
This simple model suggests that to stabilize a CuI+ state a ligand system that
enforces or allows a tetrahedral coordination geometry is ideal, conversely relative
destabilization of the CuI+ state can be achieved by the use of ligand systems that enforce
a square planar geometry. While all equatorial halide geometries in [CuIIX]+ species do
no represent local minima and are not “true” coordinative geometries, they will function
as models for systems that do have local minima of that geometry. We find that the ideal
geometry for stabilizing a [CuIIX]+ state regardless of halide is one that enforces or
allows a trigonal bipyramidal geometry with axial halide, while conversely a trigonal
bipyramidal geometry with equatorial halide will provide maximum relative
destabilization.
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8.3.2 Validity of [Cu/L]+ and [CuX/L]+ Model
Before discussing calculated energies of Cu/ligand complexes we must first
establish that geometries from which these energies are calculated are reasonably
accurate. While the molecular models produced via DFT calculations represent gas-phase
geometries and energies, and the intended use of the complexes is in the solution phase,
the most accurate structural data available for Cu/N-ligand complexes are those from
single crystal diffraction data.

Unfortunately, crystal data is not available for all

complexes that we have modeled. However, a crystal structure is available for
[CuIIBr/Me6-TREN]+ with a non-coordinating Br- counter ion.14
Comparison of the experimental XRD structure with the computed DFT structure
reveals close structural homology (Figure 8.3. and Table 8.1). Bond lengths for all nonCu containing bonds are within 0.02 Å, the experimental range of error. The Cu-Br bond
is 0.03 Å, the Cu-N(ax) bond is 0.05 Å longer and the Cu-N (eq) 0.11 Å longer in the
DFT calculation than in XRD. The expansions of bond length in the DFT calculation
around the central Cu atom are relatively small and likely a result of structural
compression in the condensed phase, and may in fact be a better approximation of the
bond length in solution phase. Bond angles are all within experimental error except for
those involving an N(eq), which differ from the experimental value by no more than 2 °.
The close homology of DFT and XRD data in the case of [CuIIBr(Me6-TREN)]+ suggest
that the calculated structures from DFT are close enough to real structures to represent a
suitable model for energies.
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Figure 8.3 - XRD (left) and DFT(right) Models of CuII(Me6-TREN)Br+

Table 8.1 - XRD and DFT Bond Lengths and Angles for [CuIIBr/Me6-Tren]+
Bond
Cu-Br
Cu-N(ax)
Cu-N(eq)
N(ax)-CH2
CH2-CH2
N(eq)-CH2
N(eq)-CH3(1)
N(eq)-CH3(2)

XRD
2.393(3) Å
2.07(1) Å
2.14(1) Å
1.47(2) Å
1.52(2) Å
1.49(2) Å
1.50(2) Å
1.47(2) Å

DFT
2.420 Å
2.122 Å
2.252 Å
1.492 Å
1.526 Å
1.482 Å
1.482 Å
1.481 Å

Angle
N(ax)-Cu-N(eq)
N(eq)-Cu-Br
N(eq)-Cu-N(eq)’
Cu-N(ax)-CH2
CH2-N(ax)-CH2
N(ax)-CH2-CH2
CH2-CH2-N(eq)
CH2-N(eq)-CH3(1)
CH2-N(eq)-CH3(2)
CH3(1)-N(eq)-CH3(2)
Cu-N(eq)-CH3(1)
Cu-N(eq)-CH3(2)
Cu-N(eq)-CH2

XRD
84.7(5) °
95.3(4) °
119.1(5) °
108(1) °
111(1) °
111(1) °
108(1) °
109(1) °
108(1) °
108(1) °
116(1) °
111(1) °
104(1) °

DFT
83.5 °
96.5 °
118.7 °
108 °
111 °
112 °
112 °
112 °
110 °
108 °
114 °
108 °
104 °

8.3.3 Choice of Ligands
In this study we employ seven different ligands. Already mentioned is ammonia,
used as a non-chelating ligand model system. To help understand results from studies on
SET-LRP we have chosen to test tris(2-dimethylaminoethyl)amine (Me6-TREN), tris(2aminoethyl)amine

(TREN),

2,2’-bipyridine

(BPy),

and

N-n-propyl-2-pyridiyl-

methanimine (Pr-PMI, “Haddleton’s Ligand”).15-16 To allow access to structures that are
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biased toward square planar and square pyramidal structures we have included 1,4,8,11tetraazacyclotetradecane (CYCLAM) and N,N,N’,N’-tetramethylethyldiamine (TMEDA),
respectively. We have chosen to use only mono, bi, and tetradentate ligands as an integral
number of those ligands result in completion of the coordination shell of CuI+ or [CuIX]+.
The names, structures, DFT geometries, and Eabs of all ligands are in Figure 8.4.

Figure 8.4 - Ligands used in the computational study.
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8.3.4 Comparison of the Energies of Cu+/L Complexes
The geometries and energies of the chosen N-ligands with Cu+ were computed.
Those geometries and energies are shown in Figure 8.5. We see that the preferred binding
mode for monodentate and bidentate ligands is tetrahedral or distorted tetrahedral
geometry. For cyclic tetradentate ligand CYCLAM, the preferred mode is square planar
and for claw-like TREN and Me6-TREN the preferred binding mode is trigonal
pyramidal.
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Figure 8.5 - Equilibrium Geometries and Energies of [CuI/L] + complexes
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Using the energies of the [CuI/L]+ complexes we are able to calculate the heats of
formation of those complexes via Equation 2 (Figure 8.6).

∆Eformation= Eabs[CuI/L]+ – [Eabs [CuI]++EabsL]

(2)

Figure 8.6 - Heats of Formation of [CuI/L]+ Complexes - tetrahedral (striped), square
planar (black), trigonal pyramidal. (white)

As suggested by the [CuI(NH3)4]+ model study, we find that the best multidentate
ligands for stabilization of [CuI]+ are those that adopt a tetrahedral geometry. Thus our
model system of ammonia, Bpy, Pr-PMI, and TMEDA which are able to adopt
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tetrahedral or distorted tetrahedral geometries are the best stabilizers of [CuI]+. TREN and
Me6-TREN which adopt structures close to a trigonal pyramidal geometry are somewhat
worse at stabilizing [CuI]+, and by far the lowest stabilization arises from CYCLAM
which is restricted to a square planar geometry.

8.3.5 Comparison of the Energies of [CuIIX/L]+ Complexes
CuII/L complexes represent a more complex picture due to increased coordination
number and the incorporation of a variable halide, X, into the structure. First we
calculated the energies of all the inorganic species (Table 8.2) and the heats of
dissociation of all Cu-X bonds (Table 8.3) via Equation 3.

∆Eformation= [Eabs[CunXm-1]++Eabs X-] - EabsCunX,m

(3)

Table 8.2 - Energies of Inorganic Species
Formula
Cu0
[CuI]+
CuICl
CuIBr
CuII
[CuII]++
[CuIICl]+
[CuIIBr]+
[CuIII]+
CuIICl2
CuIIBr2
CuIII2
ClBrICl.
Br.
I.

Eabs
-196.1178 Hartrees
-195.8294 Hartrees
-656.3799 Hartrees
-209.3638 Hartrees
-207.5850 Hartrees
-195.0659 Hartrees
-656.0108 Hartrees
-209.0119 Hartrees
-207.2518 Hartrees
-1116.5928 Hartrees
-222.5620 Hartrees
-219.0050 Hartrees
-460.2522 Hartrees
-13.2371 Hartrees
-11.4722 Hartrees
-460.1362 Hartrees
-13.1319 Hartrees
-11.3640 Hartrees
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Table 8.3 - Heterolytic Bond Dissociation Energies
Heterolytic Disassociation Reaction
CuICl  [CuI]+ + ClCuIBr  [CuI]+ + BrCuII  [CuI]+ + ICuIICl2  [CuICl]+ + ClCuIIBr2  [CuIBr]+ + BrCuIII2  [CuII]+ + I[CuICl]+  [CuII]++ + Cl[CuIBr]+  [CuII]++ + Br[CuII]+  [CuII]++ + I-

Heat of Disassociation
187.19 kcal/mol
186.56 kcal/mol
177.84 kcal/mol
206.95 kcal/mol
196.41 kcal/mol
176.33 kcal/mol
434.68 kcal/mol
444.84 kcal/mol
447.45 kcal/mol

In the case CuI species there is a decreasing trend in bond dissociation energy
(BDE) Cl>Br>>I commensurate with a hard model of CuI cation. While it is generally
thought that CuI is a soft cation, prior computational studies have demonstrated that
computed bond energies do not agree with this assertion and that the ligand environment
effects the absolute hardness of CuI .17 For CuII the BDE of the first halide follow
Cl>Br>>I, but for the second halide BDE is I>Br>>Cl. This demonstrates potential
variability in the absolute hardness CuII dication depending on its ligation state.
After modeling the inorganic components of all complexes, the [CuIIX/L]+ where
X=Cl, Br, I were constructed, and their equilibrium geometries and energies computed.
The equilibrium geometries for all complexes are shown in Figure 8.7. The structural
images are generated from the bromide complexes, but little deviation in overall
geometry is seen for the corresponding chlorides and iodides.
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Figure 8.7 - Equilibrium Geometries of [CuIIX/L]2+ complexes
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We calculated the heats of formation in two ways. The first type of heat formation
is the stabilization energy of the [CuIIX]+ species by the ligand (Figure 8.8). This energy
is calculated via equation 4.

∆Estabilization=Eabs [CuIIX/L]+ - [Eabs [CuIIX]+ + Eabs L]

(4)

Figure 8.8 Stabilization Energies of Cu(II)X/L complexes, X=Cl,Br,I

This method for the calculation of heat of formation shows two trends. The first
and most obvious is that, the heat of stabilization goes according to Cl>Br>I. Either
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increased electron donating capability of Cu-bound Br and I, attenuate the effect of
further donor ligands or increased softness of Br and I, create a softer cation complex
resulting in diminished hard – soft interaction of the N-ligands. The second trend is that
those ligands that adopt the preferred trigonal bipyramidal axial halide geometry (Me6TREN, TREN) have high binding energies for [CuIIX]+ while those that are forced into
trigonal bipyramidal with equatorial halide (bpy) and square pyramidal with axial halide
(CYCLAM and TMEDA) have relatively lower stabilization energies. Pr-PMI is an
unusual bidentate ligand in that it achieves a similarly low energy square pyramidal
geometry with equatorial halide allowing it to achieve very high stabilization energy.
These results correspond directly with our ideal ligand geometry model.
An alternate approach to the heat of formation calculation that allows direct
comparison of species with different halide is to take an overall heat of formation of the
complex via equation 5 (Figure 8.9).

∆Eformation=Eabs [CuIIX/L]+ - [Eabs [CuII]++ + Eabs L+ EabsX-]

(5)
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Figure 8.9 - Heats of Formation for [CuIIX/L]+ complexes

This method demonstrates the same trends in structure/ligand vs. energy, but also
demonstrates that the chlorides and bromides are closer in heat of formation than
bromides and iodides, once again suggesting either an electron donating effect of iodide
or a change in the hardness of Cu when iodine is a coordinating ligand.
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8.3.6 Comparison of the Energies of CuII/L Complexes and the Computation of
Heats of Dissociation from CuIIX/L
The energies of [CuII/L]2+ complexes were computed by performing a full
B3YLP/6-31G*(LACVP*) geometry optimization on the structures by changing the
charge and multiplicity of the pre-optimized [CuI/L]2+ geometries. Those energies are
shown in Figure 8.10.

Heats of formation were calculated according to equation 6.

∆Eformation= [EabsCuII++Eabs L] - EabsCuIIL

(6)
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Figure 8.10 - Equilibrium Geometries and Energies of [CuII/L]2+ complexes
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Figure 8.11 - Heats of Formation for CuII/L complexes

As demonstrated by the minimal energy structure of [CuII(NH3)4]2+ the preferred
binding geometry for tetra-N-ligated CuII dication is a square planar geometry or slightly
distorted square planar geometry. For this reason, ligands that either force a square planar
geometry such as CYCLAM, or bidentate ligands able to adopt square planar geometries
without great structural distortion, such as BPy and Pr-PMI. TREN, Me6-TREN and
TMEDA, do not adopt square planar geometry and have lower heats of formation.
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Heats of Dissociation were calculated via equation 7.

∆Edissociatiwon= [Eabs[CuII/L]2+ + EabsX-] -Eabs[CuIIX/L]+

(7)

Figure 8.12 - Heats of X dissociation in [CuIIX/L ]+ complexes

The first clear trend is that all dissociations follow the trend that Cl>Br>I. Further
those ligands with higher heats of formation BPy, CYLAM, and Pr-PMI, have lower
dissociation energies.
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8.4 Discussion
We have determined ab initio the ideal binding geometries for non-hindered and
non-chelated N-ligands with CuI cation , CuII dication and [CuIIX]+ and shown in silico
that the ligands able to adopt a preferred geometry for a given state have a larger binding
energy and heat of formation than those that are biased against such geometries.
Those ligands that assume preferred binding geometries for [CuIIX]+ but assume
relatively poor binding geometries for CuI cation have a net negative energy difference
between the CuII and CuI states (Figure 8.13). Of the ligands that have been investigated
CYCLAM, TREN and Me6-TREN exhibit the most negative energy difference. Two of
these ligands TREN and Me6-TREN are the ligands found to be most effective for SETLRP. We are thus forced to ask, why would stabilization of CuIIX increase the efficacy of
SET-LRP?
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Figure 8.13 - Difference in Stabilization of [CuI/L]+ and [CuIIX/L]+ complexes

8.4.1 Crude Computation of Disproportionation Energies
While the direct effect of solvent on the state of catalytic species is difficult to
incorporate into ab initio calculations, the critical assumption that we make regarding
DMSO as a solvent is that cationic CuI and CuIIX species exist as a highly dissociated ion
pair with X-. This assumption is contrary to assumptions in ATRP where EXAFS in nonpolar solvents such as toluene and methylacrylate has shown higher coordination
numbers for bromine and lower coordination numbers for nitrogen. With that assumption
the disproportionation reaction can be treated as :
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2CuILn + 2X-  Cu0 + nL + X- + [CuIIXLn]+

(8)

and that the energy of disproportionation can be calculated via equation 9 (Figure 8.14).

∆E=[ECu(0) + nEL + ECu(II)BrLn ]-[2ECu(I)Ln+EBr-]

(9)

Figure 8.14 - Heats of Disproportionation of [CuI/L]+ to Cu0 and [CuIIX/L]

Demonstrated here is that Me6TREN, TREN two of the ligands known to mediate
effective disproportionation in DMSO and other solvents and allow entrance into SET587

LRP have negative heats of disproportion. Likewise CYCLAM has a negative heat of
disproportionation, though that ligand has not yet been tested in SET-LRP. Ligands
which do not perform well in SET-LRP, such as Bpy and Pr-PMI, as well as untested
TMEDA and NH3 have positive enthalpies.
While this method of calculating the energy of disproportion is crude and
incorporation of redox potentials and entropies need be factored into an accurate
calculation, the results help demonstrate that preferential stabilization of [CuIIX]+ by the
ligand system can increase the propensity for disproportionation.

8.4.2 An Overview of UV Disproportionation Data
(More Detailed Analysis Can be Found in Chapter 10).
Extensive studies of the disproportion of CuI in H2O,18 DMSO,9 and their
mixtures9,

19

have shown that while disproportion is nearly quantitative in H2O

(Kd=1.8x106) in pure DMSO disproportionation is significantly less favored (Kd=4.4 ±
0.4). The difference between disproportionation in H2O and DMSO solution is due to the
inherent difference in stabilization of CuI and CuII cations in those media. In DMSO, the
relatively softer CuI cation is better stabilized via S-ligation from DMSO than the harder
CuII dication or CuIIX cation. The reverse is true in the case of H2O. The equilibrium
constant for disproportionation can be dramatically altered by the presence of a ligand
that preferentially binds either CuI or CuII. We can see in our study of disproportionation
(Figure 7.15)3 in pure DMSO that disproportionation is both slow and in favor of CuI.
This is also true for ligands that preferentially bind CuI cation: Bpy and Pr-PMI. Only
Me6-TREN and TREN exhibit rapid disproportionation in DMSO which recapitulates the
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findings that only they been calculated to preferentially bind CuII. If we switch to H2O,
all ligands induce disproportion including those that naturally favor CuI indicating that in
this case disproportion is being driven by preferential solvation of Cu and not N-ligation.
This also explains why in H2O and protic solvents SET-LRP can also be mediated by
BPy and Pr-PMI.
We now see a unified picture that CYCLAM, TREN, and Me6-TREN
demonstrate preferential binding of [CuIIX]+. This results in a crudely calculated
exothermicity of disproportionation. This can be correlated to rapid disproportionation as
exhibited by the appearance of Cu(II)-type UV-Vis spectra.

Figure 8.15 - UV-VIS Study of Disproportionation, 0.01 mmol of CuI or CuII in 0.01 mL
of solvent after 10 min at 25 ºC
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8.4.2 Mechanistic Considerations for ATRP and SET-LRP
It has been proposed that ATRP activation/deactivation can be dissected into four
sub-reaction (Figure 8.16): bond homolysis of the propogating macroradical halide,
oxidation of CuI to CuII, reduction of X radical to X anion, and association of X anion to
the CuII species.20

Figure 8.16 - Basic Steps in ATRP

All steps in the ATRP can be modeled by using the energies of [CuI/L]+ ,
[CuII/L]2+, and [CuIIX/L]+ species modeled in this study. The compilation of the results
using methyl acrylate as the monomer and X=Br are shown in Figure 8.17. The ground
energy is set at 0 kcal/mol.
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Figure 8.17 - Net Energy at Each Reaction Step in ATRP

The energy of homolysis was calculated in a previous work.11 The energy of electron
transfer was calculated via equation 10.

∆EET=ECu(I)/L – ECu(II)/L

(10)

The energy of reduction was calculated via equation 11.

∆Ered=EBr anion- EBr radical

(11)
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The energy of association was calculated via equation 12.

∆Ered=ECu(II)Br/L- [EBr anion + ECu(II)/L]

(12)

While modeling of the electron transfer step is crude and merely takes into
account stability of CuI and CuII species, we see that the forward reaction to generate
propagating macroradical proceeds through an initial highly endothermic homolysis and
electron transfer event. Thermodynamic balance is achieved partially through reduction
but mostly through association of the halide anion. In this model with X=Br or with X=Cl
and I (not shown) the overall forward reaction is mildly endothermic with a high initial
“barrier”, explaining the typical necessity to run the reaction at elevated temperatures.
The use of solvents that are more able to solvate X- should reduce the associative driving
and favor alternative mechanisms.
In SET-LRP (Figure 8.18) the primary reactions in non-propagation events are
oxidation of Cu0, followed by single electron transfer to form a polymer/halide radical
anion. Heterolytic fragmentation into the propagating macroradical and halide anion
allows entry into the propogatation cycle. Disproportion of CuI to Cu0 and CuII, followed
by halide association to the CuII species generates the deactivating complex.
Deacativation occurs via single electron transfer from a reassocciated radical anion
followed by halide dissociation from CuI.
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Figure 8.18 - Basic Steps in SET-LRP

While modeling of SET-LRP as a complete pathway is hindered by the general
polymorphism of XCuILn and the role of halide in disproportionation, we can fairly easily
model the activation portion of the reaction. Figure 8.19 shows an attempt to model the
energies at various steps during the course of SET-LRP reaction, where the monomer is
methyl acrylate and the halide Br.
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Figure 8.19 - Net Energy at Each Reaction Step in SET-LRP

Electron Transfer from Cu(0) to Cu(I)/L was calculated via equation 13.

∆EElectron Transfer=ECu(I)/L-[ECu(0)/L + ELigand]

(13)

ET2, the acceptance of the free electron by the dormant propagating macroradical and the
Activation energy, the energy required to dissociate the radical anion heterolytically were
calculated previously.11
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The energy of disproportionation was calculated via equation 14.

ΔEdisproportionation=1/2[(ECu(II)Br/L+Eligand)-(ECu(0)+2ECu(I)/L+EBr anion)]

(14)

We observe that the association of ligand to CuI reduces the overall barrier to
activation by over 150 kcal/mole, formation of the radical anion and disproportion (when
favored) lower the overall reaction energies to under 10 kcal/mole. In such a mechanism
increasing halide solvation should only drive the reaction forward by reducing the
energies of activation and disproportionation steps. This method of modeling reaction
suggests that ability to run SET-LRP type reactions is due to lower energy barriers and an
overall less endothermic process. Further it suggests that overall better performance of
SET-LRP with ligands like Tren and Me6-Tren are likely due to the enhancement of
disproportion and that if disproportionation was rapid for the other ligands SET-LRP
would likely occur. However, in H2O and protic solvents where disproportionation is
mediated by solvation, SET-LRP proceeds regardless of the structure of the ligand.

8.5 CONCLUSION
We have determined the geometries needed to create preferential stabilization of
[CuIIX]+ vs. CuI cation and shown that those ligands with such capability have , in all
tested cases, been compatible with SET-LRP.

We then correlated the preferential

stabilization to experimental UV-VIS data supporting rapid disproportionation with and
only with those ligands. A crude calculation of the heat of disproportion demonstrated
that those ligands and only those ligands had exothermic values. Modeling CuII/L
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complexes allowed us to enumerate relative energies for the steps in an ATRP type
reaction. We showed that the forward reaction to form propagating macroradical is
overall endothermic has a high barrier intermediate and that it was driven largely by
halide association. In more polar solvents halide association would be attenuated and
ATRP slowed down. Performing the same relative energy calculation for various steps
we showed that the overall reaction barriers are lower and the overall reaction
exorthermic, explaining its ability to proceed at low temperatures. The lack of correlation
between overall reaction energy and preferential stabilization of CuII suggests that the
enhanced performance of SET-LRP in polar solvents for Tren and Me6-Tren is due to
their ability to induce rapid disproportionation of CuI to form Cu0 and CuII, i.e. providing
a means to control the reactivity and prevent rapid bimolecular termination.
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CHAPTER 9
Implications of Monomer and Initiator Structure on the
Dissociative Electron-Transfer Step of SET-LRP
(Reprinted with Permission from Ref.1. Copyright 2008 John Wiley & Sons, Inc)

9.1 Introduction
A recent series of publications from our laboratory have elaborated Single
Electron-Transfer Living Radical Polymerization (SET-LRP),2 wherein Cu0/N-Ligand
(usually:

Me6-TREN,

TREN,

PMDETA,

or

PEI)

mediates

extremely

rapid

polymerization of methyl acrylate (MA), methyl methacrylate (MMA), ethyl acrylate
(EA),3 butyl acrylate (BA),3 and vinyl chloride (VC)4 in dipolar aprotic solvents (such as
DMSO), alcohols,5 ionic liquids,6 and H2O4 at room temperature or below. SET-LRP is
able to quickly achieve high molecular weights as demonstrated by the synthesis of a
PMA sample with Mn ≈ 1.4 x 106 g/mol in 10h with excellent control of molecular weight
distribution, Mw/Mn < 1.2.2 Further, SET-LRP has been rigorously demonstrated to be
error free with no discernable branching or loss of active chain end functionality, making
it a powerful technique for the synthesis of macroinitiators for block-copolymerization
and other synthetic applications.7 Work continues to evolve SET-LRP into a robust
technique for environmentally friendly living radical polymerization (LRP) to synthesize
precisely tailored polymeric systems. Full exploitation of SET-LRP requires synergistic
development of new synthetic applications and enhanced mechanistic understanding.
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While present work on SET-LRP is focused on acrylate monomers in polar
organic solvents, the conclusion that Cu0 is the primary activating species was borne from
early studies in the LRP of VC in ortho-dichlorobenzene8 as well as in H2O.4 The
discovery that zero-oxidation state metals including Cu0 are substantially more effective
than their higher oxidation state analogues at mediating activation in the radical
polymerization of VC, lead to the development of Cu0 catalyzed LRP of VC at room
temperature in H2O, utilizing TREN or PEI as a ligand.4 Higher oxidation copper species,
such as CuIX/N-Ligand, the choice of activator for atom transfer radical polymerization
(ATRP),9 has not yet been successful at achieving LRP of VC. Earlier computational
work lead those pursuing the development of ATRP to conclude that it was the large
homolytic bond dissociation energy (BDE) of the R-X bonds of unactivated monomers
such as ethylene, VC, and vinyl acetate (VAc) that were responsible for their lack of
participation in a homolytic-type activation process even at high temperature.10 The
ability of Cu0 sources to mediate rapid polymerization of VC at room temperature in H2O
strongly suggests a mechanistic cycle distinct from ATRP where activation is mediated
by CuIX/N-Ligand in solution. Due to the instability of CuIX/N-Ligand to spontaneous
disproportionation in H2O (Kdisp≈ 106-7), the concentration of CuIX/N-Ligand during
polymerization should be very low. As CuIX/N-Ligand in non-disproportionating
solvents (i.e. ATRP) is not able to mediate rapid activation of VC, it is not evident how
the extremely limited amount of residual CuIX/N-Ligand generated upon activation from
Cu0 could be responsible for any significant level of secondary activation. When, Cu0/NLigand activation was adopted for acrylate polymerization in polar organic solvents, a
mechanism was proposed wherein Cu0 surface mediates activation via a single electron599

transfer (SET) process, CuIIX2/N-Ligand mediates deactivation, and the relative amounts
of activator and deactivator are balanced via disproportion of in situ generated CuIX/NLigand (Figure 9.1). The only substantial difference between the mechanisms of SETLRP proposed for vinyl monomers in organic solvents versus in H2O, relates to the
disproportionation process. In H2O, solvent alone is capable of mediating rapid and
complete disproportionation of CuIX/N-Ligand, whereas in organic solvents, ligands that
relatively destabilize CuIX/N-ligand for example (Me6-TREN, TREN) are required to
achieve substantial disproportionation.11 Ligands such as bpy that preferentially bind
CuIX do not mediate spontaneous disproportionation at room temperature above the
detectable limit of UV-vis spectroscopy.2

Figure 9.1 - The proposed mechanisms of SET-LRP.
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While the mechanism proposed for SET-LRP represents a best-hypothesis from
experimental data, it is certainly more complex than other LRP techniques. The
mediation of activation and deactivation by two distinct species that are not in direct
equilibrium, Cu0 and CuIIX2/N-Ligand respectively, while certainly precedented in
electron-transfer reactions,12 could have consequences for the mechanism of reaction
control that are not yet understood. In many radical reactions control and living behavior
is believed to be achieved through the Persistent Radical Effect13 where bimolecular
termination is self-suppressing. In ATRP, this effect is believed to manifest itself through
the irreversible formation of excess CuIIX2/N-Ligand deactivator upon bimolecular
termination. The possibility that activation and deactivation processes in SET-LRP lead
to the same spectator intermediate that can be rapidly converted back to activator and
deactivator would provide a unique but poorly understood mechanism of reaction
feedback control. It is possible that in case of rapid and complete dissociation that the
Persistent Radical Effect is not involved in the control of the molecular weight
distribution.2 On its own, the implication of a Cu0 surface-mediated activation step
introduces mechanistic uncertainties arising from the inherent difficulties of studying
surface chemistry in complex reaction cycles. Cu0 has previously been determined to
mediate radical coupling of carbon tetrachloride,14 benzyl chlorides,15 and benzyl
bromides16 via apparent Langmuir-Hinshelwood kinetics. Through the development of
SET-LRP, Cu0 has been extended as a heterogeneous electron-donor for the generation of
radicals from α-halo-esters,2 geminal dihalides,2, 4 haloforms,2, 4 N-chloro amides,17 and
phenylsulfonyl halides.18-19 However, the precise mechanism of the dissociative electrontransfer (DET) process, bond cleavage mediated by electron donation, on the Cu0 surface
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is not well understood.20 It has been observed in electrochemical studies of organic halide
reduction through the use of various metal electrodes and glassy carbon electrodes, that
Cu0 is electrocatalytically non-innocent. The use of a Cu0 electrode significantly
increases the reduction peak potential maximum for organic halides relative to the glassy
carbon electrode, indicating the possibility of direct Cu0 d-orbital interaction with the
organic halide to catalytically weaken the bond prior to electron-transfer. While it will
require additional research to elucidate the fundamentals of electron-transfer from the
surface in SET-LRP, it would be helpful to create a model of the electron-transfer process
from the relatively simpler perspective of the organic halide electron-acceptor and to
provide a framework for which the role of the surface can be incorIn the original
publications1,3 SET-LRP was classified as an outer-sphere electron-transfer (OSET)
process in contrast to the inner-sphere electron-transfer (ISET) process proposed for
ATRP. While many definitions of ISET and OSET exist in the literature, depending upon
the context, the definition employed previously for SET-LRP was formulated by Taube
for electron-transfer between organometallic complexes.21 The Taube classification
distinguishes between ISET and OSET according to the type of the critical-encounter
complex formed prior to electron-transfer. According to Taube, ISET is exclusively a
process in which electron-transfer occurs through a ligand that belongs to the inner
coordination sphere of both the electron-donor and electron-acceptor, thereby forming a
bridged complex. If there is no evidence for a bridging interaction, the process is termed
outer-sphere (OSET) (Figure 9.2). As many studies of organic halide dissociation are
performed using cyclic voltammetry using inert electrodes, it should be noted that
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electron-donation from a glassy carbon-electrode is purely OSET process according to
the Taube definition.

Figure 9.2 - Taube inner and outer-sphere electron-transfer.

Kochi has broadened the critical-encounter approach to more accurately describe
purely organic electron-transfer reactions, where there are no relevant ligands.22 Rather
than simply deem the reaction OSET due to the lack of bridging interactions, Kochi
redefined ISET and OSET in terms of the electronic coupling of the electron-donor and
the electron-acceptor. In this way ISET is described as an electron-transfer process
wherein the electronic coupling term is large (HDA > 20 kJ/mol).23
The general figure [R---X---CuIX] used in ATRP publications24 implies
adherence to the Taube definition of ISET. Further, ATRP has been classified as a largely
homolytic process and it has been suggested that ATRP can be broken down into four
simpler contributing reactions:25 (1) R-X bond homolysis; (2) CuIX/N-Ligand oxidation;
(3) reduction of the halogen atom to a halide; (4) association of the halide with CuIIX/NLigand. As there is no evidence for a [R---X---Cu0] type of coordination, through-ligand
electron-transfer of such a complex, or that SET-LRP can be rationally separated into
small fundamental reactions, SET-LRP was labeled an OSET process according to the
Taube classification. Labeling of SET-LRP activation as Taube-OSET, does not imply
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that there is no pre-association of Cu0 and R-X and electronic coupling prior to electrontransfer, rather it merely discounts the existence of a formal bridging interaction of the
halide. As the exact magnitude of electronic coupling between the Cu0 surface and the
organic halides is not known, activation in SET-LRP could be either ISET or OSET
according to the Kochi model. A strong electronic coupling in the Kochi model, would
indicate a relatively stabilized close distance donor-acceptor complex. Donor-acceptor
complexes of this nature typically result in vibrant colors indicative of the charge-transfer
state. Interestingly, SET-LRP reactions are colorless until monomer has been consumed
and no-spectroscopic evidence to-date has pointed to the existence of a stabilized chargetransfer state. Evidence that DET of organic halides using copper electron-donors can be
mediated without a bridging interaction or significant electronic-coupling is presented in
a report on the use CuIBr/NH2Capten for block co-polymerization.26 Using
CuIBr/NH2Capten, bridged-ligand/Taube ISET and highly coupled Kochi ISET is
sterically restricted and thus a Taube/Kochi OSET process is most likely. If cationic
CuIX/N-Ligand complexes can mediate electron-transfer without a bridging interaction,
relatively neutral Cu0, which is less likely to electrostatically coordinate a halide, should
be similarly compatible with an OSET process. As Cu0 likely mediates DET through a
Taube OSET process, the dissociation should occur through the following two
elementary steps:

Cu0 + R-X•Cu+ + R-X-•

Electron-transfer (1)

R-X-•  R• + X-

Dissociation

(2)
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Steps (1) and (2) can occur in a step-wise fashion, where the electron-transfer step is
distinct from the bond-breaking step, or in a concerted fashion where the anion radical
intermediate has no discernable lifetime. A density functional theory (DFT) study
comparing a homolytic process to a DET process where the bond cleavage occurs
heterolytically, found that for most small molecule models of dormant propagating
macroradicals that an anion radical intermediate exists with a significantly lower energy
than the separated radical and anion.27 This suggested both that there is a thermodynamic
advantage of a heterolytic pathway and that the dissociation process could be step-wise
proceeding through a stable anion radical intermediate. This observation was included in
the mechanistic hypothesis for SET-LRP (Figure 9.1) through a caged {[R---X]•+CuI/IIX0/1/L} intermediate in the activation and deactivation steps. The amalgamation of
all of the mechanistic possibilities is shown below:
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Scheme 9.1 - Mechanistic possibilities for CuI/N-Ligand (top) and Cu0 activated
polymerization and the related named polymerizations (Italics).
The distinction between step-wise and concerted DET, gives rise to a different
classification of OSET and ISET, that is potentially more useful for the analysis of
organic-halide cleavage mediated by a metal catalyst. Savéant has introduced a
generalization to the ISET and OSET terminology that relates specifically to the form of
energy profiles needed to satisfactorily model the electron-transfer process.28 In this
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model, OSET is described as a reaction wherein bond-breaking does not occur in the
same time scale as electron-transfer and thus the reaction energies can be described by
Marcus-Hush theory29-30 using quadratic energy profiles for both the electron-donor and
electron-acceptor. This theory can only be directly applied to species that form stable
anion radical intermediates existing for a time scale longer than that of a single bond
vibration. ISET processes are those where bond-breaking occurs on the same time scale
as electron-transfer necessitating a purely repulsive Morse curve for the dissociation of
the anion radical. The Savéant model views dissociative electron-transfer (DET) from the
point-of-view of the organic halide acceptor. From this perspective concerted electrontransfer and bond-breaking is de facto inner-sphere. Accordingly, assignment of ISET or
OSET descriptors to a DET process does not relate to the donor, and an ISET process can
occur with an outer-sphere donor as has been observed with many DET processes
mediated by a glassy carbon electrode or a homogenous Taube OSET donor.
Savéant has also made a very close study of organic halides where there is a
strong apparent interaction between an electropositive radical and its counteranion halide
cleavage products. The effect of this interaction on the thermodynamics and kinetics of
dissociative electron-transfer is easy to understand through the representative diagram of
homolytic and heterolytic bond dissociation profiles from Figure 9.3. The homolytic
bond dissociation curve, represented by the solid blue line, indicates the variation in
energy of the neutral species according to C-X bond length and is roughly quadratic in
nature over small deviations in the bond-length from the equilibrium value. In the
absence of a strong interaction between an electropositive radical and counteranion halide,
the heterolytic bond dissociation curve, represented by the dashed and dotted red line, is
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purely repulsive and plateaus at the energy of the completely separated electropositive
radical and counteranion halide. In cases of a purely repulsive heterolytic dissociation,
the heterolytic bond dissociation energy is the difference between the minimum energy of
homolytic bond dissociation energy curve and the minimum energy of the heterolytic
bond dissociation curve, or more simply the difference in energy between the optimal
bond length of the neutral species and the completely dissociated electropositive radical
and counteranion halide. The transition state is roughly approximated by the intersection
of the two curves, the bond length at which the energy of the neutral species and the
energy of the anion radical are equal. The activation barrier is calculated as the difference
in energy between the crossing point that represents the approximation of the transition
state and the optimal bond length for the neutral species. If a strong interaction between
the electropositive radical and counteranion halide exists forming an ion/radical pair, the
heterolytic bond dissociation curve must be represented by a Morse potential as shown in
Figure 9.3 as a dashed black line. The effect of switching to the attractive Morse potential
is easy to see. At bond lengths near those of the equilibrium length for the neutral species,
the energy of heterolytic dissociation drops more rapidly, achieving an easily identified
minimum at a longer bond-length. The increased steepness in the heterolytic bond
dissociation curve results in a crossing point between the homolytic and heterolytic
curves at lower energy and shorter bond length than in the purely repulsive scenario,
thereby reducing the energy of activation. In cases where an ion/radical pair forms, one
also observes a stability of that ion/radical pair which can be calculated as the difference
between the minimum of the heterolytic bond-dissociation curve and the plateau achieved
for complete electropositive radical and counteranion halide separation.
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Figure 9.3 - Intersections of repulsive and attractive (sticky) Morse potentials.
The model for the dissociation involving a strong interaction of an electropositive
radical and halide anion fragments has been named “Sticky Dissociation”. 31 The physical
basis for the sticky model of dissociative electron-transfer stems from the unusually
strong interaction between caged electropositive radical and counteranion halide
fragments derived from alkyl halides containing strong electron-withdrawing groups.
Electron-withdrawing groups induce the formation of electropositive radical fragments
with positive charge density on the radical center reinforcing the positive charge/dipole
interaction with the counteranion halide leaving group. This enhancement of positive
charge/dipole interaction is sufficient to compete with the solvation effects in dipolar
aprotic and polar solvents such as DMSO, DMF, and alcohols. Gas-phase computational
studies of sticky dissociation corroborate the charge/dipole or Coulombic nature of the
interaction, demonstrating that the only stable intermediate generated through electrontransfer an ion/radical pair. If an anion radical exists in the process it does not represent a
local minimum and is therefore not a stable intermediate, bur rather a transition state or
saddle point in the pathway toward the stable ion/radical pair. Three factors indicate the
formation of an ion/radical pair as opposed to an anion radical: (1) There is 80% charge
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on the departing halide (2) There is over 80% of the spin density on the carbon center (3)
The bond length increases by over 1 Å. In classical anion radicals the C-X interaction is
largely covalent resulting in charge and spin density that is typically reversed from those
of ion/radicals or in the case of delocalized systems distributed throughout the molecule.
Further, bond length increases from neutral species to anion radical are typically far less
than 1 Å. Due to the quadratic free energy relationships involved in the sticky
dissociative model, an interaction energy of electropositive radical and counteranion
halide that is only 1% of the homolytic BDE results in an approximately 15%
acceleration. Thus, even in very polar solvents, such as DMF, acetonitrile, and ethanol,
where Coulombic interactions are minimized, rate acceleration via sticky dissociation has
been clearly documented. There is some evidence of stable ion/radical pairs in the gas
phase32 which could indicate step-wise dissociation. However, electrochemical and some
homogeneous dissociative electron-transfer reactions of organic halides such as
haloacetonitriles, chloro-acetamides, and polychlorinated alkyls in polar solvents have
been found to proceed through concerted sticky dissociation to form weakly interacting
ion/radical pairs.33 Regardless of whether the pathway is step-wise or concerted, electron
withdrawing groups neighboring the carbon halide bond induce sticky dissociation
through an ion/radical pair resulting in rate enhancement of electron-transfer even in
polar solvents. Due to the presence of appropriately located electron-withdrawing groups
in all monomers that have been utilized in SET-LRP, it stands to reason that stickydissociation could be a strong contributor to the high kapp observed in this polymerization.
The Savéant model for OSET and ISET with, or without, sticky assistance
provides a manageable model for computational assessment of electron-transfer reactions.
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As shown above, the activation barrier can be crudely calculated as the intersection of
homolytic and heterolytic curves, the stability of the ion/radical pair can be assessed from
the perspective of the neutral species or the fully cleaved product by comparing the
energy differences between the neutral species, ion/radical pair, and fully separated
products. If a truly OSET electron-donor is involved, incorporation of the donor into the
model is extremely straightforward via a vertical shift of the homolytic versus heterolytic
curves. However, if there is more intimate involvement of the Cu0 with the organic halide,
according to a Kochi ISET model, then the potential energy landscape of both curves will
likely be affected.
The early DFT studies27 focused on the calculation of the electronic energies
associated with homolytic and heterolytic dissociation of compounds important to SETLRP. That study demonstrated that a heterolytic pathway, where a proposed anion radical
is formed via direct electron-transfer to the alkyl halide, is more favorable than a
homolytic pathway, where carbon-halogen bond homolysis is followed by reduction of
the halogen radical to the halide anion. This is demonstrated through the existence of
endothermically cleaving anion radicals. In the original study27 all tested molecules
except the model for VC polymerization initiated with an organic halides, CH3CHCl2,
exhibited an endothermically cleaving anion radical.
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Figure 9.4- Heterolytic bond dissociation energies and radical anion formation energies
for VAc-X and VC-X.
The singular occurrence of an exothermically cleaving anion radical exhibited in
bond dissociation energy calculations for VC-Cl (Figure 9.4) suggested that simple
geometry optimizations were not sufficient for understanding of the DET process and
instigated re-investigation of the structures produced in the original DFT study.
Examination of the geometries of all structures showed that except for the VC-Cl
dormant propagating macroradical mimic, the bond lengths of the supposed anion
radicals were very large with high charge density on the halides, and high spin densities
on the carbon center. These structural observations are far more consistent with an
ion/radical pair associated with the sticky dissociation model rather than a true anion
radical. VC-Cl was a singular exception where the bond distances were relatively shorter
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and charge and spin density was distributed in fashion more akin to an anion radical.
Contrary to the original DFT calculations, chloride should form a stronger electrostatic
interaction with an electropositive radical than bromide or iodide. Thus, it is clear that
simple geometry optimization of the radical anion intermediate does not always yield the
global minimum structure.
Methods to accurately model redox reactions of complex organic species on metal
surfaces in polar solvents are not practical at this time. This is due in large part to the
failure of dielectric continuum models to reproduce experimentally verified ion/radical
pair minima, but also hampered by a lack of an accurate depiction of the metal surface is
unavailable. However, there is more that can be learned from gas-phase dissociation of
alkyl halides relevant to SET-LRP. As demonstrated by Savéant, modeling of the
potential energy surfaces of homolytic and heterolytic dissociation, can provide a crude
estimate of the activation energy for a purely OSET process. Further, potential energy
surface modeling can provide insight into the dynamics of the DET process, specifically
in context of sticky dissociation.
Herein, we will perform potential energy surface modeling of dormant
propagating macroradicals and initiators related to SET-LRP. In this way, we will
establish the relationship of monomer and initiator structure to the activation energy,
acceptor capacity, ion/radical pair stability. Further, we will be able to place the DET
process for each examined species on a relative continuum between step-wise and
concerted electron-transfer and bond-breaking. Finally, through the use of potential
energy profiles, verification of true global minima will be possible and we will then be
able to correct any misleading results such as those found for VC-Cl.
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9.2 Methodology
9.2.1 Computational Techniques
All calculations were performed using the Spartan ’06 Quantum Mechanics
Program (PC/X86).34 Full geometry optimizations and single-point energy calculations of
all structures reported were performed via density functional theory (DFT) with the
Becke-3-paramater Lee, Yang, Parr hybrid functional (B3LYP).35 The 6-31+G* basis set
was used for all compounds containing only H, C, N, O, S, F, Cl, and Br. The 6-31+G*
basis set in conjunction with LACVP+* pseudopotential was used for all compounds
containing iodine. Systems containing unpaired electrons were optimized with spin
unrestricted formalism. The spin contamination was found to be negligible in these cases,
as the expectation value of the total spin, <S2>, was always found to cluster around 0.75.
Frequency calculations were performed on all local minima structures to insure that there
were no imaginary modes and to confirm that they were indeed minima and not merely
saddle points.
All geometry optimizations were performed without symmetry constraints.
Energy profile calculations for anion radicals and ion/radical pairs were performed with a
lower bound bond distance corresponding to the neutral organic halide (except in some
dissociation curves where bond compression of the radical anion results in unrealistic
geometry deformations), for 4Å at intervals of 0.1 Å (0.2 Å for dimeric models). Energy
profiles for neutral species were performed in a similar fashion though only for 1Å of
distortion. Complete dissociation points were plotted at 10 Å. All energies were
converted from Hartrees to kcal/mol via the conversion constant of 627.509 kcal/mol.
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9.2.2 Selection of Model Monomer and Dimer Dormant Species and Initiators
For consistency with previous work and due to the interest in related polymer
systems, mimics of the dormant propagating macroradical were investigated for methyl
acrylate (MA-X), methyl methacrylate (MMA-X), acrylonitrile (AN-X), styrene (S-X),
vinyl chloride (VC-X) and vinyl acetate (VAc-X). Associated initiators such as
haloacetonitriles (HAN-X), benzyl halides (Bn-X), phenylsulfonyl halides (PhSO2-X),
haloforms (CHX3), and dihalomethanes (CH2X2) were also studied. For baseline purposes
methyl halides (Me-X/CH3X), ethyl halides (Et-X/CH3CH2X), isopropyl halides (iPrX/(CH3)2CHX), and tert-butyl halides (tB-X/(CH3)3CX) were investigated. Monomers
not previously modeled such as methyl acrylonitrile (MAN), methyl cyanoacrylate
(MCA), vinyl fluoride (VF-X), vinyl bromide (VB-X), vinyl iodide (VI-X), and
chloropropene (CP-X) were included in this study for completeness. As the complete set
of standard halides (X=F, Cl, Br, I) was investigated other sources of fluoride were
examined, specifically graft copolymerization sources such as from poly(vinylidene
fluoride) (both head to head/CH3CF2CF2CH3 and head to tail/CH3CF2CH3 domains) and
Teflon (CF3CF2CF2CF2CF3) were studied. As in the previous study dimeric species for
methyl acrylate (MA-MA-Cl), methyl methacrylate (MMA-MMA-Cl) were investigated
to determine whether the energy profiles changed when species more akin to the dormant
propagating macroradical were used. In this study acrylonitrile (AN-AN-Cl) and styrene
(S-S-X) were also studied in dimeric form. Only the Cl species were examined to limit
computational time and costs.
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Figure 9.5 - Model dormant species (Pn-X), initiators, and their designations (X=F, Cl,
Br, I).
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9.3 Tabulated Values
9.3.1 Homolytic and Heterolytic Bond Dissociation Energy
The homolytic, Ehomo, and heterolytic Ehetero, bond dissociation energies were calculated
in the standard way according to:

Ehomo=Eneutral species –Eradical – Ehalogen

(3)

Ehetero=Eneutral species –Eradical – Ehalide

(4)

These values are largely for the purpose of consistency and error checking, as direct
homolytic dissociation is not believed to be mechanistically significant and Ehetero is
merely Ehomo less the electron affinity of the halide. Ehetero does however, give some
indication of the overall thermodynamic drive for dissociation half-reaction.

9.3.2 Ion/Radical Pair Formation Energy
The ion/radical pair formation energy, ERA, is closely related to the electron affinity of
organic halide and is described as the energy associated with the following reaction:

R-X + e-  [R-X-• ]  Rδ+• X-

(5)

and is calculated according to:
ERA = Eneutral – Eion/radical pair

(6)
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According to equation 6, ERA is the difference in energy between the neutral species at
equilibrium bond distance and the ion/radical pair at equilibrium bond distance. In cases
where there are two distinct ion/radical pairs formed at different bond lengths in the
energy profile, the global minimum is reported in parentheses. This value provides an
indication of the acceptor capacity of the organic halide.

9.3.3 Stability of the Ion/Radical Pair
The stability of the ion/radical pair, Estab, is described in this paper as the energy
associated with the following reaction:

Rδ+• X- R• +X-

(7)

and is calculated according to

Estab = Eion/radical pair – Eradical- Eanion

(8)

According to equation 8, Estab is the difference in energy between the ion/radical pair the
completely separated organic radical and halide. In cases where there are two distinct
ion/radical pairs formed, the global minimum from the energy profile is reported in
parentheses. This value indicates the gas-phase stability of the ion/radical pair and the
thermodynamic preference of dissociation where electron-transfer precedes rather than
follows bond cleavage. Further, it has been shown that this stabilization directly
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influences the ERA and ΔE‡ by forming an attractive interaction according to the quadratic
relationship put forth by Savéant.

9.3.4 Energy of Activation
As with similar studies by Savéant, the energy of activation, ΔE‡, is calculated as the
difference in energy of the crossing point between the homolytic and heterolytic bond
dissociation curves and the energy of the neutral organic halides. In all cases this energy
is calculated by linear interpolation of data points to find the crossing point. In cases
where energies of the ion/radical pair could not be calculated at distances near the
equilibrium bond length of the neutral species, the heterolytic bond dissociation was
extrapolated using cubic splines. Likewise, when the crossing occurs at bond-lengths
below the equilibrium bond-length of the neutral species, i.e. in the Marcus onverted
region, the homolytic bond dissociation curve was extrapolated using cubic splines. In a
few cases of highly of C2v and C3v, the intersection could not be calculated.

9.3.5 Charge Density of the Halide and Spin Density of the Carbon Center
Charge density on the halide, q(x), and the spin density on carbon, S(carbon) were
calculated via Mulliken Population analysis. A charge of -1 on halide is expected on a
completely dissociated anion, and a spin density of 1 on carbon indicates complete
localization of excess spin on that atom.
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9.4 Results and Discussion
9.4.1 Consistency Test and General Halide and Methyl Substitution Trend
In order to confirm the validity of the models, and to establish general trends in
halide and methyl substitutions, Me-X, Et-X, iPr-X, and tB-X (X=F, Cl, Br, I) were
examined. In previous computational studies by other groups36 the neutral bond distance,
ion/radical pair distance, of Me-X (X=F, Cl, Br, I) were calculated and experimental
values were listed for comparison. A comparison of those results and our present results
for Me-X are shown below.

Table 9.1 - Comparison of present and previous computational and experimental values
for methyl halides .
Level
MP3/4-31Ga
Experimentala
B3LYP/6-31+G*
MP3/4-31Ga
Experimentala
B3LYP/6-31+G*
MP3/4-31Ga
Experimentala
B3LYP/6-31+G*

a

MP3/4-31Ga
Experimentaal
B3LYP/6-31+G*

from ref 28

d(C-X) (Å) CH3-X
1.36
1.38
1.4

Δd(C-X) (Å) ‡
X=F
0.59
0.48

ΔE‡

ΔEhomo

ΔEhetero

105.1
108.1
111.6

42.6
28.5
30.6

49.1

73.8
83.2
81.9

5.6
0.3
-3.7

22.7

68.9
70.0
71.6

0.4
-7.6
-10.9

15.9

58.4
56.3
60.6

-7.0
-14.3
-17.12

9.5

35.0

X=Cl
1.80
1.78
1.81

0.42
0.33

13.7

X=Br
1.96
1.93
1.96

0.37
0.24

6.8

X=I
2.15
2.14
2.16

0.33
0.12

2.0

In general present results agree with previous experimental and computational
values for neutral species bond length and homolytic bond dissociation energy. The
crossing point/transition state bond lengths presented here are about 0.1-0.2 Å shorter
than previous calculations, the heterolytic BDEs are roughly 10 kcal/mol more
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exothermic and the transition state energies are lower by about 10 kcal/mol. The
difference in previous and current computational models indicates the greater stability of
radicals and radical anions using B3LYP with a more complete diffuse basis set. The new
B3LYP/6-31+G* results more closely approximate the experimental homolytic and
heterolytic BDEs reported in these cases, indicating that the model is acceptable for
simple alkyl halides. The energy profiles for Me-X (Figure 9.6), Et-X (Figure 9.7), iPr-X
(Figure 9.8), and tB-X (Figure 9.9) and tabulated results (Tables 9.2 and 9.3) are shown
below. As there will be many energy profiles presented, it is worth quickly noting how to
interpret them. As mentioned in the explanation of the Sticky model for dissociation,
analysis will be focused on the relationship of the quadratic homolytic dissociation curve
and a Morse potential for heterolytic dissociation For example, look at the energy profiles
of methyl fluoride and methyl chloride in Figure 9.6. The solid black curve is the
homolytic bond dissociation curve derived via incremental bond enlargement in the
neutral species. The dashed red curve is the heterolytic bond dissociation profile derived
from incremental bond enlargement in the ion/radical pair. The crossing-point of the twocurves is a rough approximation of the transition state bond-distance and energy. The
structure of that transition state should resemble the nearest structures on both curves.
The difference between the minimum of the homolytic curve and the minimum of the
heterolytic curve is the ERA, or the energy of ion/radical pair formation. The difference in
energy between the heterolytic bond dissociation curve minimum and the completely
separated radical and anion, plotted at 10 Å, is the ion/radical pair stabilization energy,
Estab. The deeper the minima and the closer the corresponding bond length to the
equilibrium bond length of the neutral species, the stronger the interaction of the
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electropositive radical and counteranion halide and the closer the DET process is to stepwise/OSET, where a stable anion radical is formed prior to bond dissociation. The
difference between the minimum of the heterolytic curve and the fully separated radical
and anion at the 10 Å distance is the heterolytic bond dissociation energy, ΔEhetero. Notice
that for alkyl fluorides the ERA is typically positive, but for other halogens, it is typically
negative. Further, for alkyl fluorides, a very low bond distance minima in the heterolytic
curve exists, indicating a potential true anion radical that will exothermically cleave to
the ion/radical pair associated with sticky-dissociation. From F to Cl to Br to I the
minima should become increasingly shallow indicating the diminution of the Coulombic
interaction as a result of increased distance of the charge centers.

Figure 9.6 - Calculated energy profiles for CH3X and CH3X-•.
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Figure 9.7 - Calculated energy profiles for CH3CH2X and CH3CH2X-.

623

Figure 9.8- Calculated energy profiles for iPr-X.
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Figure 9.9 - Calculated energy profiles of C(CH3)3X.
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Table 9.2 - Tabulated values for the homolytic and heterolytic dissociation curves of MeX, Et-X, iPr-X, and tB-X.
Compound

Ehomo
(kcal/mol)

Ehetero
(kcal/mol)

ERA (kcal/mol)

Estab
(kcal/mol)

q (X)

S
(Carbon)

d(C-X)neutral
(Å)

d(C-X)RA
(Å)
1.42 (2.7)

Me-F

111.59

30.58

38.53 (34.96)

-7.96 (3.77)

-0.22

1.29

1.4

Me-Cl

81.94

-3.67

-4.55

0.88

-0.92

1.07

1.81

3.35

Me-Br

71.62

-10.94

-11.7

0.76

-0.93

1.06

1.96

3.51

Me-I

60.64

-17.12

-17.69

0.57

-0.97

1.06

2.16

3.73

Et-F

112.91

31.89

37.52 (27.34)

-5.63 (4.54)

-0.23

1.39

1.41

1.43 (4.38)

Et-Cl

81.14

-4.47

-4.62 (-7.16)

0.14 (2.67)

-0.97

1.15

1.82

3.7 (5.41)

Et-Br

70.37

-12.18

-13.9

1.72

-0.98

1.14

1.99

5.45

Et-I

58.53

-19.23

-20.59

1.36

-0.96

1.14

2.19

5.81

iPr-F

113.38

32.36

33.63 (21.67)

-1.27 (10.71)

-0.28

-0.31

1.42

1.44 (3.57)
3.89

iPr-Cl

79.59

-9.19

-10.2

4.17

-0.96

1.11

1.84

iPr-Br

68.49

-14.06

-16.9

2.84

-0.97

1.09

2.01

3.94

iPr-I

55.84

-21.92

-23.82

1.9

-0.96

1.1

2.22

4.13

tB-F

112.94

31.92

29.3 (20.97)

2.62 (10.96)

-0.44

0.06

1.43

1.45 (3.48)

tB-Cl

77.36

-8.26

-8.44

0.18

-0.98

0.91

1.86

3.71

tB-Br
tB-I

65.93
52.41

-16.63
-25.35

-19.89
-27.76

3.26
2.4

-0.96
-0.96

0.97
0.98

2.04
2.25

4.3
4.72

Table 9.3 - Tabulated values for the transition states of Me-X, Et-X, iPr-X, and tB-X.
Compound

ΔE‡ (kcal/mol)

Δd(C-X) (Å)

Me-F

34.96

0.48

Me-Cl

13.65

0.33

Me-Br

6.79

0.24

Me-I

2.04

0.12

Et-F

37.47

0.56

Et-Cl

14.64

0.37

Et-Br

7.94

0.27

Et-I

8.63

0.15

iPr-F

36.82

0.58

iPr-Cl

13.24

0.39

iPr-Br

7.1

0.3

iPr-I

3.33

0.13

tB-F

33.6

0.59

tB-Cl

10.74

0.41

tB-Br
tB-I

4.69
0.92

0.25
0.11

In all cases ERA decreases according to F<<Cl<Br<I. This counter-intuitive trend
has been reported previously.37 Increasing the methyl group substitution generally
decreases the ERA for similar halides and tends to increase the ERA difference between
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halides. Estab generally decreases according to F>Cl>Br>I, indicating the high Coulombic
nature of interaction.38 Increasing methyl group content tends to increase Estab and
increases the differences in Estab between halides. The calculated activation energy at the
crossing point follows a trend of F to Cl to Br to I. The effect of increasing methyl group
substitution is less clear. Single methyl substitution increases the energy of activation but
subsequent substitution decreases it. The change in bond length at the crossing points
tends to decrease from F to Cl to Br to I. The energy profiles depict relatively shallow
minima for Me-X that become generally deeper with increasing methyl substitution,
achieving a maximum with tB-X. However, except for fluorides, the minima is so
shallow that it would be almost completed attenuated by polar solvents. It is also apparent
from these simple examples that fluorides are unique in that they exhibit multiple minima
in their dissociation energy profile. The first minimum occurs at very short bond length is
a true exothermically cleaving anion radical. This species may or may not form as it
appears to exist before the crossing point, thus the rate of electron-transfer at that bond
length is diminished. In some cases there are secondary shallow local minima before
arriving at the global minimum. This is likely a consequence of the high electronegativity
of the departing fluoride that creates exaggerated intramolecular hydrogen bonding type
interactions.
B3YLP/6-31+G* is an acceptable model for simple alkyl halides. However, its
performance for alkyl halides bearing strong electron-withdrawing groups must also be
validated. Savéant38 has performed extensive cyclic voltammetry studies on
haloacetonitriles (HAN-X where X=Cl, Br, I) that were previously correlated with
potential energy profiles performed at the B3LYP/CEP-121G level.(below) Notice that
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the stabilization of the ion/radical pair is significantly higher (10 to 20 kcal/mol) than the
preceding examples of simple alkyl halides.

Figure 9.10 - Savéant model of haloacetonitriles at the B3LYP/CEP-121G level.

For comparison, we performed the same calculations using B3YLP/631+G*(below).
628

Figure 9.11 - Calculated energy profiles for HAN-X performed at the B3LYP/6-31+G*
level.
At the B3LYP/6-31+G* minimum energy radical anion bond lengths of 3.04 Å,
3.18 Å, and 3.32 Å, were found for Cl, Br, and I respectively. (Figure 9.11) These bond
lengths are close to Savéant’s values of 3.09 Å, 3.23 Å, and 3.45 Å respectively. (Figure
9.10)35 Our values are slightly shorter, but within good correlation, replicating the
pseudo-tetrahedral radical anion found for haloacetonitriles in the Savéant study. (Figure
9.10)35 While, the exact values for the radical anion stability from Savéant work, are not
reported, from the energy profiles, and converting the 1eV to 23.06 kcal/mol, the B3YLP
results are also in good agreement, and follow the trend of Cl>Br>I. (Compare Figures
9.10 and 9.11)
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Figure 9.12 - Molecular structures (top), charge (middle) and spin (bottom) densities for
neutral HAN-Br (left) and radical anion HAN-Br (right).
Finally we performed, Mullikan population analysis.39 This demonstrated 80+%
charge density on the halide and 80+% spin density on the carbon indicating an
ion/radical pair just as in the previous studies (Figure 9.12). Complete data for
haloacetonitriles are presented later in context of related polymeric systems.

9.4.2 Acrylates (MA-X) and Methacrylates (MMA-X)
As current research has focused largely on acrylate and methacrylate monomers,
the most important examination will be for those monomers and associated initiators.
Often acrylates and methacrylates are initiated with molecules that mimic the propagating
dormant macroradical such as methyl 2-halopropionoates, which are conveniently the
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same molecules used as mimics of the dormant propagating macroradicals. As electrontransfer acceleration via sticky dissociation has been previously observed for
chloroacetamide

systems,

we

also

performed

a

control

study

with

N,N-

dimethylchloroacetamide, to allow some calibration of calculated gas-phase Estab with
observed solution phase values.40 The energy profiles for MA-X (Figure 9.13), N,Ndimethylchloroacetamide (Figure 9.14), and MMA-X (Figure 9.15) and the tabulated
resulted (Tables 9.4 and 9.5) are shown below.

Figure 9.13 - Calculated energy profiles for MA-X / Methyl X-propionoate.
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Figure 9.14 - Calculated energy profile of chloroacetamide for comparison with cyclic
voltammetry.

Figure 9.15 - Calculated energy profiles of MMA-X.
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Table 9.4 - Tabulated values for the homolytic and heterolytic dissociation curves of
MA-X and MMA-X.
Compound

Ehomo
(kcal/mol)

Ehetero
(kcal/mol)

ERA (kcal/mol)

Estab
(kcal/mol)

q (X)

S
(Carbon)

d(CX)neutral (Å)

MA-F

100.01

-18.99

1.93 (1.7)

17.07 (12.9)

-0.68

0.62

1.4

d(C-X)RA
(Å)
2.18
(2.73)

MA-Cl
(CH3)2NC(O)CH2Cl

66.91

-18.7

-27.52

7.48

-0.8

0.71

1.83

4.18

72.82

-12.8

-27.28

14.48

-0.87

0.87

1.82

3.62

MA-Br

56.59

-25.97

-33.71

6.97

-0.85

0.77

2

MA-I

45.18

-32.58

-38.17 (-39.28)

5.59 (6.61)

-0.82

0.64

2.21

MMA-F

99.36

18.35

16.85 (-2.17)

1.5 (15.62)

-0.34

-0.24

1.41

3.95
3.39
(4.77)
1.46
(3.46)

MMA-Cl

63.92

-21.7

-31.75

10.05

-0.91

0.76

1.86

4.07

MMA-Br

53.09

-29.46

-37.43

7.97

-0.92

0.79

2.03

4.08

MMA-I

40.59

-37.17

-43.4

6.23

-0.94

0.68

2.24

4.3

Table 9.5 - Tabulated values for the transition states of MA-X and MMA-X.
Compound

ΔE‡ (kcal/mol)

MA-F

10.61

0.23

MA-Cl
(CH3)2NC(O)CH2Cl

1.1

0.08

3.75

0.11

MA-Br

0

0

MA-I

1.71

-0.12

MMA-F

11.5

0.25
0.09

Δd(C-X) (Å)

MMA-Cl

1.12

MMA-Br

0

0

MMA-I

2

-0.15

In comparison to Et-X or iPr-X the results for MA-X demonstrate a 20-30
kcal/mol lower ERA, as well as noticeably higher ≈5 kcal/mol Estab. These trends are
enhanced in MMA, suggesting as before that single methyl substitution increases the
magnitudes of ERA and Estab. The tested compound N,N-dimethylchloroacetamide falls in
line with results for MA-Cl, though it has a somewhat more stable ion/radical pair and a
higher activation energy. The measured experimental stabilization of the ion/radical pair
for N,N-dimethylchloroacetamide in DMF was 2.31 kcal/mol. Thus, in polar solvents
such as DMF, given similar entropy and solvent attenuation of the gas-phase linear
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scaling predicts a 1-2 kcal/mol stabilization for MA-Cl, indicating that sticky dissociation
is significant in acrylate polymerization. Stabilization of this magnitude is above the
threshold needed to demonstrate significant rate enhancement of electron-transfer via the
sticky model. Accordingly, it is also apparent that according to this level of theory and
analysis, the ΔE‡ for mimics of dormant propagating dormant macroradicals are much
lower than unactivated halides. All values are less than 12 kcal/mol for fluorides, <4
kcal/mol for chlorides, close to 0 kcal/mol for bromides, <2 kcal/mol for iodides (though
these values are extrapolated for an apparent Marcus inverted domain). Thus, the same
apparent trend of decreased activation energy from F to I is observed.
The enhanced stabilization of the ion/radical pair is not the only evidence that
increased electron withdrawing capacity of the monomer substituents has the potential to
shift the DET toward the step-wise domain. In the heterolytic dissociation curve of MA-F
an early local minimum exists followed by a subsequent global minimum, indicative of a
potentially stable anion radical which decomposes to a more weakly interacting
ion/radical pair. This same phenomena is observed even more clearly in MMA-F. It
should be noted however, that a true anion radical exists for both MA-F and MMA-F,
indicated with the first data point. As with the tested alkyl fluoride substrates it should be
noted that this data point exists prior to the crossing point and at the step length of this
energy profile analysis, no barrier to decomposition was observed. The global minimum
at higher bond lengths in the case of MA-F or MMA-F could also be the result of
hydrogen-bond type stabilization. There is some evidence of a similar but much smaller
in magnitude interaction when X = Cl, Br, and I, where a shallow minimum or saddle
region precedes the global minimum.
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9.4.3 Haloacetonitriles (HAN-X), Acrylonitriles (AN-X), and Methyl Acrylonitriles
(MAN-X)
The energy profiles for HAN-X (Figure 9.16), AN-X (Figure 9.17), and MAN-X
(Figure 9.18) and tabulated results (Table 9.6 and 9.7) are shown below.

Figure 9.16 - Calculated energy profiles for HAN-X.

635

Figure 9.17 - Calculated energy profiles of AN-X.
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Figure 9.18 - Calculated energy profiles of MAN-X.
Table 9.6 - Tabulated values for the homolytic and heterolytic dissociation curves of
HAN-X, AN-X, and MAN-X.
Compound

Ehomo
(kcal/mol)

Ehetero
(kcal/mol)

ERA
(kcal.mol)

Estab
(kcal/mol)

q (X)

S
(Carbon)

d(C-X)neutral
(Å)

d(C-X)RA
(Å)

HAN-F

95.94

14.93

9.58 (-7.09)

5.35 (11.22)

-0.28

1.63

1.39

1.43 (2.31)

HAN-Cl

65.1

-20.52

-34.1

13.59

-0.82

0.85

1.81

3.05

HAN-Br

55.28

-27.28

-40.1

12.73

-0.81

0.82

1.98

3.18

HAN-I

45.09

-32.67

-44.3

11.63

-0.77

0.75

2.18

3.32

AN-F

96.38

15.36

12.03 (-46.77)

3.33 (10.82)

-0.44

0.31

1.4

1.44 (3.84)

AN-Cl

63.3

-22.31

-36.36

14.05

0.91

0.87

1.83

3.38

AN-Br

53.01

-29.54

-42.23

12.69

-0.92

0.88

2

3.64

AN-I

41.73

-36.03

-46.5

10.46

-0.96

0.86

2.2

3.85

MAN-F

96.25

15.24

13.37 (-9.58)

1.87 (24.8)

-0.33

0.64

1.42

1.46 (3.26)

MAN-Cl

61.09

-24.52

-38.64

14.12

-0.9

0.78

1.85

4.02

MAN-Br

50.33

-32.22

-44.78

12.56

-0.92

0.78

2.02

4.21

MAN-I

38.16

-39.6

-50.39

10.79

-0.96

0.78

2.23

4.56
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Table 9.7 - Tabulated values for the transition states of HAN-X, AN-X, and MAN-X.
Compound

ΔE‡ (kcal/mol)

Δd(C-X) (Å)
0.14

HAN-F

7.76

HAN-Cl

0.56

0.03

HAN-Br

0.64

-0.07

HAN-I

4.84

-0.19

AN-F

10.9

0.24

AN-Cl

0.63

0.06

AN-Br

0

0

AN-I

3.12

-0.16
0.26

MAN-F

11.93

MAN-Cl

1.29

0.08

MAN-Br

0.12

-0.02

MAN-I

2.68

-0.16

Results for the haloacetronitriles are in close agreement with those reported
previously, with a reproduction of pseudo-tetrahedral geometry of the ion/radical pairs
(vide supra). Even lower ERA’s are found for AN-X and MAN-X than were found than
for MA-X and MMA-X equivalents by roughly 5 kcal/mol, with a corresponding 5
kcal/mol increase in Estab. For reference HAN-Cl has an experimentally determined Estab
of 0.900 kcal/mol in DMF. Energies of activation were also slightly lower than MA and
MMA equivalents, dipping into the inverse Marcus domain for bromides and iodides. For
the haloacetonitriles, acrylonitriles, and methyl acrylonitriles ion/radical pairs have
sharper energy minima and at shorter bond lengths than for the acrylates, suggesting that
they are closer to step-wise dissociation than their acrylate analogues. It is once again
observed that fluoride species have a high energy exothermically cleaving true anion
radical that decomposes to lower energy ion/radical pairs that vary depending by
hydrogen-bonding type interactions.
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9.4.4 Methyl Cyanoacrylates (MCA-X)
The energy profiles for MCA-X (Figure 9.19) and the tabulated results (Tables
9.8 and 9.9) are shown below.

Figure 9.19 - Calculated energy profiles for MCA-X.
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Table 9.8 - Tabulated values for the homolytic and heterolytic dissociation curves of
MCA-X.
Compound

Ehomo
(kcal/mol)

Ehetero
(kcal/mol)

ERA
(kcal/mol)

Estab
(kcal/mol)

q (X)

S
(Carbon)

d(C-X)neutral
(Å)

d(C-X)RA
(Å)

MCA-F

86.71

5.7

-23.81

29.51

-0.59

0.57

1.4

2.14

MCA-Cl

53.04

-32.57

-48.28

15.71

-0.63

0.54

1.84

2.79

MCA-Br

42.99

-39.56

-54.15

14.59

-0.63

0.5

2.02

2.96

MCA-I

32.02

-45.74

-58.46

12.71

-0.64

0.43

2.23

3.17

Table 9.9 - Tabulated values for the transit ion states of MCA-X.
Compound

ΔE‡ (kcal/mol)

Δd(C-X) (Å)

MCA-F

1.5

-0.08

MCA-Cl

2.84

-0.14

MCA-Br

6.39

-0.21

MCA-I

12.4

-0.33

While cyanoacrylates (e.g. methyl cyanoacrylate, MCA, and ethyl cyanoacrylate,
ECA) are not of particular interest as a monomers for SET-LRP they are useful models
for the effect of increasing electron withdrawing character of the monomer on the
dissociative electron-transfer process. Incorporation of both ester and cyano electron
withdrawing groups creates an even more pronounced decrease in ERA, increase in Estab,
and a sharper minimum at ERA at even lower bond length. Further, the charge on X is
significantly more positive than -1 and the spin on carbon is significantly lower than 1,
suggesting that with increasing electron withdrawing capacity, the intermediate begins to
resemble more closely a true anion radical. Thus, for even higher degrees of electron
withdrawing character in the monomer it is possible to not only further shift the location
and energies of dissociative minimum toward the step-wise end of the continuum, but the
electron arrangement begins to look less like an ion/radical pair and more like an anion
radical.
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9.4.5 Vinyl Halides (VF-X, VC-X, VB-X, VI-I), Chloropropene (CP-X), Vinyl
acetate (VAc-X) and Associated Initiators
The energy profiles for VF-X (Figure 9.20), VC-X (Figure 9.21), VB-X (Figure
9.22), and VI-I (Figure 9.23), CP-X (Figure 9.24), and VAc-X (Figure 9.25) and
tabulated results (Tables 9.10 and 9.11) are shown below.

Figure 9.20 - Calculated energy profiles for VF-X.
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Figure 9.21 - Calculated energy profiles of VC-X.

Figure 9.22 - Calculated energy profiles for VB-X.
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Figure 9.23 - Calculated energy profile for VI-I

Figure 9.24 - Calculated energy profiles for CP-X.
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Figure 9.25 - Calculated energy profiles of VAc-X.
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Table 9.10 - Tabulated values for the homolytic and heterolytic dissociation curves of
VF-X, VC-X, VB-X, VI-I, CP-X, and VAc-X.
Compound

Ehomo
(kcal/mol)

Ehetero
(kcal/mol)

ERA
(kcal/mol)

Estab
(kcal/mol)

q (X)

S
(Carbon)

d(C-X)neutral
(Å)

d(C-X)RA
(Å)
3.55

VF-Cl

79.79

-5.83

-10.68

4.85

-0.96

1.03

1.81

VF-Br

67.93

-14.63

-21.6

6.97

-0.97

1.03

1.98

4.26

VF-I

54.37

-23.39

-24.5

1.11

-0.98

1.03

2.2

4.64

VC-F

110.18

29.17

11.49

17.68

-0.85

1.01

1.38

2.7

VC-Cl

73.65

-11.96

-6.38 (-20.69)

-5.58 (8.73)

-0.50

0.74

1.81

2.21 (3.54)

VC-Br

62.17

-20.38

-28.11

7.73

-0.96

1.01

1.98

4.02

VC-I

49.72

-28.04

-34.46

6.42

-0.98

0.93

2.19

4.16

VB-Cl

73.38

-12.23

-21.28

9.05

-0.94

1.00

1.8

3.44

VB-Br

62.11

-20.44

-18.07 (-28.25)

-2.36 (7.8)

-0.52

0.65

1.97

2.33 (4.36)

VB-I

49.71

-28.05

-34.76

6.71

-0.98

0.99

2.18

4.01

VI-Cl

72.61

-12.88

-37.28

24.69

-0.96

0.97

1.8

3.53

VI-Br

61.21

-21.24

-29.12

7.89

-0.96

0.94

1.98

3.64

VI-I

49.09

-28.67

-28.19 (-34.98)

-0.48 (6.73)

-0.36

0.58

2.18

2.5 (3.94)

CP-Cl

71.25

-14.36

-6.38 (-24.54)

-7.98 (10.19)

-0.52

0.69

1.83

2.26 (4.15)

CP-Br

59.61

-22.94

-31.93

8.99

-0.94

0.93

2

4.31

CP-I

46.36

-31.4

-38.79

7.38

-0.98

0.94

2.2

4.6

VAc-F

113.81

32.79

15.51 (13.6)

17.28 (19.17)

-0.40

1.23

1.4

1.48 (3.66)

VAc-Cl

76.56

-9.05

-16.67 (-17.65)

7.62 (8.6)

-0.94

0.99

1.83

4.13 (5.72)

VAc-Br

65.04

-17.51

-23.06 (-18.28)

5.55 (6.32)

-0.96

1.00

2.01

4.1 (5.80)

VAc-I

51.8

-25.96

-30.8

4.84

-0.96

0.99

2.22

4.71
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Table 9.11 - Tabulated values for the transition states of VF-X, VC-X, VB-X, VI-I, CPX, and VAc-X.
Compound

ΔE‡ (kcal/mol)

Δd(C-X) (Å)

VF-Cl

12.04

0.35

VF-Br

5.37

0.23

VF-I

0.71

0.09

VC-F

28.69

0.45

VC-Cl

3.85

0.16

VC-Br

0.9

0.07

VC-I

0.39

-0.07

VB-Cl

0.94

0.06

VB-Br

0

0

VB-I

2.55

-0.15

VI-Cl

14.09

0.39

VI-Br

10.65

0.36

4.28

0.19

VI-I
CP-Cl
CP-Br

1.38

0.12

CP-I

0.481

-0.06

VAc-F

18.98

0.35

VAc-Cl

6.31

0.23

VAc-Br

1.83

0.14

VAc-I

0

0

The energy profiles for related initiators, CH2X2 (Figure 9.26) and CHX3 (Figure
9.27) and tabulated results (Tables 9.12 and 9.13) are shown below.
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Figure 9.26 - Calculated energy profiles for CH2X2.
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Figure 9.27 - Calculated energy profiles for CHX3.
Table 9. 12 -Tabulated values for the homolytic and heterolytic dissociation curves of
CH2X2 and CHX3.
Compound

Ehomo
(kcal/mol)

Ehetero
(kcal/mol)

ERA (kcal/mol)

Estab
(kcal/mol)

q
(X)

S
(Carbon)

d(CX)neutral (Å)

d(C-X)RA
(Å)

CH2F2

118.49

37.47

36.08 (25.14)

1.39 (12.32)

-0.17

1.42

1.37

1.38 (2.70)

CH2Cl2

75.2

-10.41

-8.75 (-17.48)

-1.66 (8.03)

-0.46

0.73

1.79

2.17 (3.31)

CH2Br2

6

-18.36

-20.41 (-24.96)

2.05 (9.51)

-0.50

0.63

1.95

2.28 (3.38)

CH2I2

52.5

-25.26

-28.94 (-30.64)

3.68 (5.38)

-0.52

0.49

2.16

2.45 (3.79)

CHF3

123.1

42.08

34.21 (15.77)

7.87 (26.31)

-0.17

1.57

1.35

1.36 (2.57)

CHCl3

67.44

-18.17

-17.9 (-30.65)

-0.26 (12.49)

-0.29

0.44

1.79

2.01 (3.33)

CHBr3

55.55

-27

-34.49 (-38.1)

7.48 (11.08)

-0.32

0.31

1.95

2.16 (3.59)

CHI3

42.64

-35.12

-46.21

11.09

-0.97

0.19

2.16

2.33
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Table 9.13 - Tabulated values for the transition states of of CH2X2 and CHX3.
Compound

ΔE‡ (kcal/mol)

Δd(C-X) (Å)

CH2F2

38.76

0.51

CH2Cl2

7.76

0.24

CH2Br2

0.69

0.05

38.31

0.48

CH2I2
CHF3
CHCl3
CHBr3
CHI3

Vinyl halides and their associated haloform and dihalomethane initiators are of
particular interest due to the presence of multiple halides, introducing potential symmetry
and competitive activation. For completeness vinyl fluoride, bromides and iodides were
investigated in addition to the experimentally investigated vinyl chlorides. Previous work
has demonstrated that increasing halogen content in substituted methyl radicals decreases
the ERA as does substitution of Cl for F, Br for Cl , and I for Br. This is precisely what is
observed in the case of simulated haloforms, dihalomethanes, and vinyl dormant
propagating macroradical mimics. In general vinyl halides have higher ERA than acrylates,
but comparable Estab and ΔE‡. Direct geometry optimization of symmetric dormant
propagating macroradical mimics such as CP-Cl, VC-Cl, VB-Br, and VI-I, and
symmetric initiators CH2X2, and CHX3 results in what appear to be a relatively higher
energy anion radicals where both halides stretch symmetrically (Figure 9.28).

649

Figure 9.28 - The symmetric VC-Cl anion radical and ion/radical pair.

Interestingly though, unlike fluoride or MCA type radical anions, while the spin is
distributed away from the carbon, there is -0.5 charge on each halide indicate simple
averaging. Energy profile calculations show that the true global minimum in these cases
actually resides at much larger bond distances and appears to be an ion/radical pair.
While the energy profiles for the region in between the symmetric species and global
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minima are not easy to model through energy profiles, it may possible as before with
fluorides and methyl cyanoacrylate that in the case of symmetric geminal dihalides and
trihalides true step-wise dissociation may be possible starting from a stable anion radical
and proceeding to a more weakly interacting ion/radical pair. The existence of a more
highly symmetric anion radical, often creates a very broadly sloped heterolytic bond
dissociation curve and thus cubic spline extrapolation of the Morse potential is either not
possible or must be performed omitting some of the lower bond length data points.
More significant for vinyl halide polymerization is examination of the effect of
asymmetric geminal dihalides. If a polymerization is initiated with one halide but the
monomer contains another, there is potential for competitive DET between the two
different halides. For vinyl fluorides even for VF-Cl the difference in ΔE‡ is so high (16
kcal/mol) that fluoride activation is likely inconsequential and all DET occurs through the
chloride, bromide or iodide. Likewise for VC-I the difference is substantial enough (14
kcal/mol) to expect limited competition. For VC-Br, VB-Cl, VB-I, and VI-Br, this
difference is not as substantial (0.1-8 kcal/mol) and could result in diminished selectivity
in activation resulting in polymers that have defects in backbone halide sequence.
The effect of methyl group substitution for vinyl halides was tested through
modeling of chloropropene (Figure 9.23). Methyl substitution resulted in a decrease of
ERA by 3-4 kcal/mol, an increase of Estab of 1-2 kcal/mol and an increase of ΔE‡ of 0.1 –
0.4 kcal/mol. The radical anion fragment cluster minima were sharper but at slightly
higher bond-length.
VAc-X was included in this study for comparison as a vinyl monomer with
electron withdrawing capacity intermediate between ethylene and vinyl halides. VAc-X
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shows higher ERA, higher ΔE‡, and lower Estab than VC-X, VB-X, and VI-X, but lower
ERA, lower ΔE‡, and higher Estab than VF-X.
In comparison to Me-X, dihalomethane and chloroform initiators showed an
expected decrease ERA, increasing Estab, and decreasing ΔE‡ (when calculable) confirming
the experimentally determined increased efficacy of haloforms as initiators. Increased
symmetry for this initiators results in the possibility of a anion radical prior to the
ion/radical pair, and potential for stepwise dissociation, though electrochemical studies
suggest that electron-transfer and bond-breaking for CHCl3 are concerted. For reference
the experimental Estab of CHCl3 and CH2Cl2 in DMF are 2.23 and 1.75 kcal/mol
respectively.

9.4.6 Styrenes (S-X) and Associated Initiators (Bn-X and PhSO2-X)
The energy profiles for S-X (Figure 9.29) and associated initiators Bn-X (Figure
9.30) and PhSO2-X (Figure 9.31) and the tabulated results (Tables 9.14 and 9.15) are
shown below.
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Figure 9.29 - Calculated energy profiles of S-X.
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Figure 9.30 - Calculated energy profiles for Bn-X.
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Figure 9.31 - Calculated energy profiles of PhSO2-X.
Table 9.14 - Tabulated values for the homolytic and heterolytic dissociation curves of SX, Bn-X, PhSO2-X.
Compound

Ehomo
(kcal/mol)

Ehetero
(kcal/mol)

ERA
(kcal/mol)

Estab
(kcal/mol)

q
(X)

S
(Carbon/Sulfur)

S-F

99.48

S-Cl

65.71

d(C-X)neutral
(Å)

d(C-X)RA
(Å)

18.57

1.2

17.26

-0.85

-19.9

-27.09

7.19

-0.94

0.76

1.42

2.93

0.73

1.86

3.6

S-Br

55.09

-27.47

-33.75

6.29

-0.94

0.73

2.04

3.76

S-I

42.93

-34.83

0.75

2.25

4.07

97.44

16.43

5.04
-6.53
(0.85)

-0.95

Bn-F

-39.87
22.96
(15.99)

-0.36

0.6

1.4

1.43 (3.55)

Bn-Cl

66.9

-18.71

-23.09

4.38

-0.96

0.77

1.84

3.57

Bn-Br

56.8

-25.76

-29.45

3.69

-0.95

0.81

2.01

3.75

Bn-I

45.65

-32.11

-34.96

2.85

-0.96

0.68

2.21

3.98

PhSO2-F

89.05

8.03

-26.73

34.76

-0.58

0.42

1.64

2.21

PhSO2-Cl

50.3

-35.31

-54.53

19.22

-0.60

0.3

2.13

2.86

PhSO2-Br

42.12

-40.43

-58.43

18

-0.60

0.24

2.32

2.96

PhSO2-I

30.8

-46.96

-63.7

16.74

-0.62

0.18

2.55

3.25
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Table 9.15 - Tabulated values for the transition states of S-X, Bn-X, and PhSO2-X.
Compound

ΔE‡ (kcal/mol)

S-F

13.16

0.29

S-Cl

2.07

0.13

Δd(C-X) (Å)

S-Br

0.33

0.02

S-I

0.63

-0.06

Bn-F

30.6

0.46

Bn-Cl

1.83

0.12

Bn-Br

0.39

0.04

Bn-I

0.56

-0.08
-0.16

PhSO2-F

5.88

PhSO2-Cl

9.28

-0.29

PhSO2-Br

18.08

-0.37

PhSO2-I

Styrene monomers and initiators are similar in terms of ERA, Estab and ΔE‡ to
acrylate monomers. They also share similar broadness in the ion/radical pair energy
minimum. While styrene has not yet been investigated as a monomer for SET-LRP by
this lab, DFT calculations suggest low activation that should allow compatibility with an
SET process, further preliminary results in other labs have suggested the room
temperature formation of polystyrene using Cu0/PMDETA catalyzed polymerization,
though living behavior was not confirmed.41 Further evidence that supports this
expectation can be derived from surface studies on oxidative dissolution of Cu0 by benzyl
halides. Benzyl halides have nearly identical ΔE‡ and ERA, though slightly lower Estab
than S-X species. Thus, if benzyl halides can be reduced by Cu0 via an SET process, so
should the dormant propagating macroradicals. PhSO2-X, the only hetero-atom based
species incorporated in this study exhibits the lowest ERA and some of the highest Estab of
all species studied. Due to the very low ERA, the crossing point is shifted into the Marcus
inverted region giving rise to calculated ΔE‡ that are rather high. However, PhSO2-X
initiators are the most rapid of all studied, and thus the effective activation barrier can not
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be as high as reported. This could be explained by the fact that Cu has been omitted from
these calculations, resulting in a crossing at lower bond lengths. However, it is also
possible that in general the energies of activation for SET processes of activated organic
halides are sufficiently low that the enthalpic reactions barriers for electron-transfer are
sufficiently low, that the rate of reaction is not controlled by electron-transfer directly but
rather by solvent reorganization and diffusion. Finally, phenyl sulfonyl halides initiators
appear are similar to MCA-X species in that they proceed through a process with a
minimum closely resembling a true anion radical, (i.e low spin density on sulfur center,
low charge density on the halide, and relatively small bond distance change at the
minima . The anion radical type minimum and the very high stabilization energies
suggest that PhSO2-X may be closer on the continuum to step-wise DET or Savéant ISET.
This suggest that all metal-catalyzed LRP initiated with sulfonyl halide initiators,6, 18-19, 4254

at least in the initiation step proceeds via SET-LRP.

9.4.7 Fluoride Initiators
The energy profiles for small molecule mimics of graft polymerization initiators
(Figure 9.32) and the tabulated results (Tables 9.16 and 9.17) are shown below.
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Figure 9.32 - Calculated energy profiles for head-to-head (Left) and head-to-tail (Right)
poly(vinylidene fluroide).
Table 9.16 - Tabulated values for the homolytic and heterolytic dissociation curves of
fluoropolymer initiators.
Compound

Ehomo
(kcal/mol)

Ehetero
(kcal/mol)

ERA
(kcal/mol)

Estab
(kcal/mol)

q (F)

S
(Carbon)

d(C-X)neutral
(Å)

d(C-X)RA
(Å)

VF-hh

114.92

33.91

28.56 (9.09)

5.34 (32.73

-0.24

1.54

1.38

1.39 (3.53)

VF-ht

117.71

36.69

30.66 (-18.75)

6.03 (-18.75)

-0.27

1.88

1.39

1.40 (3.34)

Teflon

106.46

25.44

-13.188

38.63

-0.34

0.63

1.35

1.99
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Table 9.17 - Calculated values for the transition states of fluoropolymer initiators.
Compound

ΔE‡ (kcal/mol)

Δd(C-X) (Å)

VF-hh

19.19

VF-ht

35.93

0.37
0.59

Teflon

1.88

0.05

While organic fluorides have significantly higher ΔE‡ and ERA than their
corresponding chloride, bromide, and iodide analogs, calculations for strongly activated
acrylates, acrylonitriles, and cyanoacrylonitriles suggest fluoride activation is potentially
feasible in those cases. In a publication that predates the coining of SET-LRP, graft
copolymerization of acrylates from poly(vinylidene fluoride) (PVF) using Me6-TREN in
NMP was reported.55 NMP was previously determined to be a solvent capable of
disproportionating CuIX in the presence of Me6-TREN. While NMP has not used for
SET-LRP it is quite possible that the activation of PVF graft initiator was achieved using
Cu0 produced through disproportionation. However, it is also possible that CuIX/Me6TREN may be a sufficiently active catalyst to mediate activation on its own. It is also not
known whether CuIIFCl/N-Ligand and/or CuIIF2/N-Ligand, the presumptive complexes
formed through ATRP activation of PVF are competent deactivators. Thus, it is unclear
whether the deactivator in this process is a fluoride or chloride donor, and therefore it is
unclear whether subsequent reactivation of the dormant propagating macroradical is
through an organic fluoride or an organic chloride. To test the capacity of highly
fluorinated substrates as initiators mimics of head-to-head and head-to-tail PVF domains
as well as Teflon were investigated. The head-to-head vinylidene fluoride model has a
significantly lower calculated activation energy than head-to-tail and may in fact be the
source of grafting in the case of the reported graft copolymerization initiated via ATRP
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from PVF. Teflon has a much lower activation energy than both forms of PVF and may
in fact be an ideal candidate for fluoride initiation studies. It appears that increased
vicinal as well as geminal fluoridation has an inductive activating effect. In all case
fluoride graft copolymerization source activation appears to proceed through a process
closer on the continuum to step-wise dissociation.

9.4.8 Longer Chain Dormant Propagating Macroradical Mimics
The comparative energy profiles of MA, MMA, AN, S, and VC single unit and
dimeric models (Figure 9.33) and the tabulated results (Tables 9.18 and 9.19) are shown
below.
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Figure 9.33 - Calculated energy profiles of dimeric models for dormant propagating
macroradicals.
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Table 9.18 - Tabulated values for the homolytic and heterolytic dissociation curves of
dimeric models for dormant propagating macroradicals.
Compound

Ehomo
(kcal/mol)

Ehetero
(kcal/mol)

ERA
(kcal/mol)

Estab
(kcal/mol)

q (X)

S
(Carbon)

d(C-X)neutral
(Å)

d(C-X)RA
(Å)

MA-Cl

66.91

-18.7

-27.52

7.48

-0.80

0.71

1.83

4.18

MA-MA-Cl

68.25

-17.36

-30.89

13.53

-0.88

0.86

1.84

3.7

MMA-Cl
MMAMMA-Cl

63.92

-21.7

-31.75

10.05

-0.91

0.76

1.86

4.07

59.36

-26.25

-39.45

13.2

-0.87

0.8

1.86

4.2

AN-Cl

63.3

-22.31

-36.36

14.05

0.91

0.87

1.83

3.38

AN-AN-Cl

62.14

-23.47

24.39
-5.58
(8.73)

-0.83

0.9

1.83

VC-Cl

73.65

-11.96

-47.86
-6.38
(-20.69)

-0.50

0.74

1.81

3.42
2.21
(3.54)

VC-VC-Cl

73.59

-12.02

-26.4

14.38

-0.89

1.06

1.81

3.71

S-Cl

65.71

-19.9

-27.09

7.19

-0.94

0.73

1.86

3.6

S-S-Cl

65.14

-20.47

-32.31

11.84

-0.89

0.75

1.86

3.71

Table 9.19 - Calculated values for the transition states of dimeric models for dormant
propagating macroradicals.
Compound

ΔE‡

Δd(C-X) (Å)

MA-Cl

1.1

0.08

MA-MA-Cl

0.71

0.05

MMA-Cl

1.12

.09

MMA-MMA-Cl

0.81

0.06

AN-Cl

0.63

0.06

AN-AN-Cl

0.16

-0.04

VC-Cl

3.85

0.16

VC-VC-Cl

1.82

0.11

S-Cl

2.07

0.13

S-S-Cl

1.31

0.09

Single unit mimics of propagating macroradicals were used in this study to limit
the computational cost, the errors arising from initial conformational choices that were
not global minima and the confusion arising from diastereomers. As in the previous study,
to determine whether the trends are generally applicable, two unit mimics were tested for
the chlorides of MA, MMA, AcN, VC, and S. In all, cases the general features of the
dissociation profiles were conserved, as well as the trends in ERA. The trends in Estab were
conserved except for MMA. In general there is a 3-8 kcal/mol decrease in ERA in dimeric
mimics, 3-10 kcal/increase in Estab, and a 0.4-2.0 kcal/mol decrease in ΔE‡ . It appears that
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the ion/radical pair is relatively more stable in the case of the dimeric model. This
suggests that the true dormant propagating macroradical is more easily reduced to the
radical than previously determined. Finally, it is worth noting that for VC-Cl, the
symmetric anion radical was not observed via geometry optimization, suggesting that for
geminal dihalides total C2v symmetry may be required to create a stable anion-radical
with symmetric or quasi-symmetric halide stretching.

9.5 Conclusion
Omitting the details of the Cu0 surface from the analysis of electron-transfer, previously
investigated and some new mimics of dormant propagating macroradicals and initiators
were studied using energy profile modeling in the context of sticky dissociation
mechanism that involves an electropositive radical counteranion halide pair. The trend of
decreasing ERA and increasing Estab with increasing electron withdrawing capacity,
halogenation, and methylation was established. A crude approximation of ΔE‡ was
provided and shows that for MA, MMA, VX, S, AN, MAN, MCA, and all activated
initiators the activation barrier is very low often appearing to intrude into the Marcus
inverted region for highly active monomers. The low activation barriers are not merely
the result of decreased bond strength of electron-deficient alkyl-halides but rather are also
caused by the attractive interaction of electropositive radical and counteranion halide
fragments as described by the sticky model of dissociative electron-transfer. These
attractive interactions have been definitively observed for several species of close
resemblance to monomers and initiators involved in SET-LRP even in the most polar of
solvents. As more is learned about the surface activation, Cu0 and its potential interaction
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with dormant alkyl-halides, anion radicals, and ion/radical pairs can be incorporated into
this model. In a purely Taube and Kochi OSET scenario, this will involve an easily
incorporated vertical shift of the homolytic and heterolytic curves likely resulting in a
decrease in the magnitude of the energy difference between the neutral halide and the
ion/radical pair, thereby increasing ΔE‡. Thus, cases that currently appear to have the
crossing-point of homolytic and heterolytic curves in the Marcus inverted region may in
fact be shifted into the normal Marcus domain. Regardless, energy profile modeling
suggests that the activation barrier for electron-transfer is very small in many electron
deficient organic halides associated with SET-LRP, providing a possible explanation for
the high kapp demonstrated at low temperature. In some extreme cases the electrontransfer process may in fact be barrierless, akin to an “Internal” electron-transfer
mechanism proposed by Kochi.56 In this scenario, especially in cases where the crossing
point of homolytic and heterolytic curves is close to zero activation energy or in the
inverted region, activation may be controlled by solvent reorganization and diffusion,
indicating that electron-transfer occurs simultaneously with formation of the criticalencounter complex between the Cu surface and the dormant propagating macroradical or
initiator. Further, increasing electron-withdrawing capacity of the activating group
reduces the equilibrium bond length of the ion/radical pair and increases its stability. This
has potential consequences on where the organic halide sits on the continuum of
concerted (ISET) and step-wise dissociation (OSET), as it is known that the higher the
thermodynamic stability of the anion radical and the lower the distance dependent solvent
reorganization, the more step-wise the process. This should not be confused with
Taube/Kochi and ISET/OSET definitions that relate to the electron donation process.
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While, cyclic voltammetry data from polarimetric reductions and a few homogenous
phase electron-transfer reactions suggest that for organic halides the process is concerted,
this may not be the case in surface catalyzed electron-transfer, in some of the extreme
examples presented (vida supra), or in the case of organofluorides, where a sharp energy
minima exists at low bond lengths. Significant interactions of electropositive radicals and
counteranion halides in SET-LRP either in the form of a stable anion radical via a stepwise process or a more weakly interacting ion/radical fragment cluster could result in a
form of protection of the propagating macroradical that is independent of CuIIX2/NLigand deactivation. Attraction of the electropositive radical and counteranion halide
could also imply some role for colligation in the reverse process that does not directly
involve halide transfer from the CuX2/N-Ligand:

R• + X-  [R•+X-]

(10)

[R•+X-] + CuIIX/N-Ligand  R-X + CuIX/N-Ligand

(11)

Therefore, examination of the role of OSET vs ISET in the reverse process needs to be
investigated. It may be possible to test many of these hypothesis via study of fluoride
initiated or mediated polymerizations, as the DFT calculation reported suggests that they
would likely proceed through a step-wise mechanism and would have a very potent
fragment clustering effect. Finally we can propose an alteration to the original SET-LRP
mechanism that takes into account the potential roles of anion radicals and ion/radical
pairs. A revised mechanism of the SET-LRP described in Figure 1 is outlined in Figure
9.34.
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Figure 9.34 - Revised mechanism of SET-LRP incorporating sticky dissociation
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CHAPTER 10
The Disproportionation of Cu(I)X Mediated by Ligand and
Solvent into Cu(0) and Cu(II)X2 and its
Implications for SET-LRP
(Adapted with permission from references 1. Copyright 2009 John Wiley & Sons, Inc.)

10.1 Introduction
While the disproportionation of cuprous compounds into elemental Cu(0) and
cupric salts was known even to the earliest inorganic chemists2-8 and has been utilized
industrially for the preparation of Cu(0) mirrors via deposition,9 in Cu(I)-catalyzed
organic transformations it is typically viewed as a nuisance. However, Single-Electron
Transfer Living Radical Polymerization (SET-LRP),10-12 a process catalyzed by Cu(0)
powder10-13 or wire,10, 14-16 is a novel approach to the rapid synthesis of poly(acrylates),10,
13-19

poly(methacrylates)10 and poly(vinyl chloride),10-12,

20

that actually harnesses the

disproportionation of Cu(I)X to produce a more active ‘nascent’ Cu(0) catalyst and to
achieve a self-regulated mechanism that provides control of molecular weight evolution
and distribution as well as perfect chain-end fidelity.17-18 The rapid implementation of
SET-LRP in new applications such as the synthesis of mechanophore-linked polymers,2124

dendritic macromolecules,25 micellar and vesicular structures,26 AB2-type amphiphillic

block copolymers,27 graft copolymers,28-29 and its adaptation to produce synthetic
methodologies such as single-electron transfer radical addition fragmentation chain670

transfer polymerization (SET-RAFT)30 and single-electron transfer nitroxide-radicalcoupling (SET-NRC),31 highlights the urgency to elucidate the mechanistic features of
SET-LRP, including the disproportionation step, and elaborating means to understand all
aspects of the polymerization.
In the mechanism of SET-LRP (Figure 10.1), activation of dormant chains occurs
through a heterogeneous Cu(0) catalyzed outer-sphere single-electron transfer process32-33
that facilitates heterolytic cleavage of the carbon halide bond in either a step-wise or
concerted fashion.33 Deactivation of propagating macroradicals is mediated by
Cu(II)Br2/N-ligand. Both Cu(0) mediated activation and Cu(II) mediated deactivation
produce Cu(I) as a transient intermediate. Essential to SET-LRP is the establishment of
an appropriate balance of Cu(0) and Cu(II) species by the disproportionation of the
Cu(I)X generated in situ via activation and deactivation. Disproportionation is not rapid
or extensive under most conditions, but rather requires a combination of an appropriate
solvent,15-16, 34-37 typically DMSO (Kdisp = 1.5-4.4 M-1) (Table 10.1),38-39 alcohols (MeOH
(Kdisp = 4-6.3  103 M-1) (Table 10.1)

40-41

and EtOH (Kdisp = 3.6 M-1) (Table 10.1)40), or

water (Kdisp = 106-107 M-1) (Table 10.1)3-5, 41-45 and an appropriate N-ligand such as Me6TREN, TREN, PMDETA, and PEI.46 Cu(0)/Me6-TREN catalyzed SET polymerization of
methyl acrylate (MA) in solvents that do not mediate disproportionation such as acetone16
(Kdisp = 0.03 M-1) (Table 10.1),47-48 MeCN37 (Kdisp = 6.3  10-21 M-1) (Table 10.1)49 and
toluene34-35 results in non-first order kinetics and a non-living polymerization. However,
addition of polar phenol additives50 to toluene51 provides a solvent mixture capable of
mediating disproportion of Cu(I)X and SET-LRP.
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Figure 10.1 - The Mechanism of SET-LRP.
Table 10.1. Equilibrium Constants for the Disproportion of Cu(I)X, Kdisp, in Various
Solvents
Solvent
Acetone
DMF
DMSO
EtOH
H 2O
MeCN
MeOH

Kdisp
0.03
1.82  104
1.5-4.4
3.6
0.89  106 – 5.8  107
6.3  10-21
4-6.3  103

Two recent studies have explored binary mixtures of organic solvents and water15
and binary mixtures of organic solvents,16 as reaction media for SET-LRP. When 5-10%
water was added to DMSO, DMF (Kdisp = 1.82  104) (Table 10.1),52 DMAC, NMP,
ethylene carbonate (EC), methanol, ethanol, methoxyethanol, and acetone results in a
linear increase in the apparent rate constant of propagation, kpapp, and improved control of
the evolution of molecular weight and molecular weight distribution, especially in the
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cases of non-disproportionating solvents such as acetone. The increased rate and
improved control with addition of water were attributed partially to the improved
disproportionation of Cu(I)X in aqueous media as well as to water’s high polarity. The
kpapp of the SET-LRP of MA was correlated with the normalized Dimroth-Reichardt
parameter (ETN),
energy

of

CT

53-55

a quantization of solvent polarity calculated from the transition

band

of

2,6-diphenyl-4-(2,4,6-triphenylpyridinium-1-yl)phenolate,

suggesting that the enhanced solvent polarity stabilizes the dipolar intermediates or
transition states of SET activation and therefore, accelerates the overall SET-LRP
process. In the second study, the kinetics of SET-LRP in binary mixtures of organic
solvents was examined in the full range of volume fractions of DMSO-acetone, DMSOmethanol, DMSO-EC, DMF-EC, DMAC-EC, and ethyl acetate-methanol were explored.
While the addition of water to organic solvents resulted in linear and monotonic increase
in the kpapp , in binary mixtures of organic solvents notable deviations in the kinetics were
observed when higher proportions of EC and MeOH were employed. These deviations
suggested that the kinetics were cooperatively and synergistically controlled by the
polarity, disproportionation constant, as well as at least a third parameter.
Herein, we explore the effect of solvent composition and N-ligand loading level
on the degree of disproportionation of Cu(I)X and the nature of the ‘nascent’ Cu(0) in
different solvents. It was determined that the extent of disproportionation of Cu(I)X is
determined by the solvent composition, as well as by the amount of Me6-TREN ligand
employed. The solvent composition as well as the degree of disproportionation mediated
by the N-ligand level in that solvent affect the particle size distribution of Cu(0) formed
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by disproportionation and whether the colloidal Cu(0) is stabilized or agglomerates. The
particle size distribution of Cu(0) formed and its degree of stabilization in a particular
solvent is proposed to be the third parameter that cooperatively and synergistically
determines the kinetics of SET-LRP.

10.2 Results and Discussion
10.2.1 Theoretical Considerations
The disproportionation of Cu(I)X into Cu(0) and Cu(II)X2 is conventionally
described by a standard equilibrium of disproportionation (equations 1 and 2).

K

disp
0
II


2Cu I X 
 Cu  Cu X 2

(1)

Cu  II  X 2 
K disp  
Cu  I  X  2

(2)

Carefully conducted cyclic voltammetry experiments have been utilized to obtain the
potentials of the half-reactions,

Cu  0  
 Cu  I  X  e 

(3)

Cu  I  X 
 Cu  II  X 2  e 

(4)

in a variety of relevant solvents, which were used to calculate the Kdisp. This data
provided a ranking of solvents for their ability to mediate disproportionation. The most
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definitive result of these electrochemical experiments is that Cu(I)X is least stable to
disproportionation in water (Kdisp = 106-107 M-1) (Table 10.1) and most stable to
disproportionation in nitriles such MeCN (Kdisp = 6.3  10-21 M-1) (Table 10.1). However,
the exact magnitude of Kdisp, in water and organic solvents is a matter of some debate in
the literature.2-4, 41-45 Additionally, it is not certain whether these half-reactions occurring
at electrodes are relevant analogs of the homogenous electron transfer process. Two key
developments lead to the discovery of SET-LRP: (1) Cu(0) is an incredibly active
catalyst for the activation of dormant alkyl halides, as exemplified by the first LRP of
VC,56 a previously intractable monomer for metal-catalyzed LRP. (2) The presence of
certain ligands, most notably TREN, Me6-TREN, and PEI, significantly enhance the
degree of disproportionation of Cu(I)X. Literature reports on the electrochemical
determination of Kdisp were not performed in the presence of Cu(II) stabilizing ligands
such as Me6-TREN. An attempt was made to redact reported Kdisp values with the
stabilizing effect of ligands on Cu(I) and Cu(II) species.57 The simple Cu(II)X2 and
Cu(I)X concentrations were replaced with a total summation of all concentrations of all
ligated and unligated Cu(I) and Cu(II) species (equation 5), where jI is the equilibrium
constant for the complexation of j ligand molecules with Cu(I)X and jII is the
equilibrium constant for the complexation of ligand molecules with Cu(II)X2. Assuming
a 1:1 complex of ligand and Cu(I)X or Cu(II)X2, the expression could be simplified
(equation 6). Assuming relatively complete binding of ligand to Cu(I)X and Cu(II)X2 it
can be reduced even further (equation 7).
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This approach takes into account the ability of the ligand to enhance the
disproportionation of Cu(I)X through preferential stabilization of Cu(II)X2. However, it
does lack one critical feature, the effect of ligand concentration. Disproportionation in the
presence of ligand forming a 1:1 complex with CuI and CuII is described by the following
chemical equilibrium (equation 8).

K*

disp
II
0


Cu I X / L  Cu I X / L 
 Cu  Cu X 2 / L  L

(8)

Therefore, the equilibrium expression should be:
K

*
disp

Cu II X 2 / L   L 

2
Cu I X / L 

(9)

Logically, one would expect that if ligand binds strongly to Cu(II)X2 and Cu(I)X
and stabilized Cu(II)X2 much more effectively than the solvent, that maximum
disproportionation will occur when the amount of ligand added to solution is equal to one
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half the amount of Cu(I)X added to solution, leaving no excess ligand to shift equilibrium
toward Cu(I)X. To test this hypothesis, UV-vis studies were conducted on the
disproportionation of Cu(I)Br in DMSO in the presence of various amounts of Me6TREN as ligand (Figure 10.2a). To insure that no oxygen was introduced into the sample,
the UV-vis cuvette was loaded with Cu(I)Br ([Cu(I)Br] = 0.0033 M), nitrogen-sparged
solvent, and Me6-TREN in that order inside of an Innovative Technology, Inc. glove box.
UV-vis measurements were collected after one hour to insure equilibrium conditions.
Additionally, a sample was prepared containing a 1:1 mixture of Cu(II)Br2 and Me6TREN in DMSO at a concentration equal to that expected for Cu(II)Br2 if 100%
disproportionation was to occur ([Cu(II)Br2] = 0.00165 M). In all UV-vis experiments
containing Cu(I)Br and Me6-TREN in DMSO rapid disproportionation was observed.
The UV-vis spectra do not change with time after 1 h, indicating no oxidation is
occurring and that equilibrium has been achieved. Quantization of the degree of
disproportionation is hindered by the formation of colloidal Cu(0) stabilized by DMSO
which does not settle regardless of the duration of the experiment. The colloidal Cu(0)
particles exhibit an absorption of their own with a maximaum of ~600 nm and also has a
scattering effect.58 While, the contribution of Cu(0) colloids and Cu(II)Br2/Me6-TREN to
the UV-vis spectra could not be precisely deconvoluted, an estimation of the minimal
degree of disproportionation was calculated by taking the absorbance of Cu(II)Br2 to be
the height of the 960 nm peak with the baseline taken as the absorbance of the relatively
flat region at 500 nm. The conversion via disproportionation was calculated according to:
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Conversion(%) 

Abs @ 940nm  Abs @ 500nm
AbsCu( II )Br2 / Me6 TREN @ 940nm

(10)

The Abs@940nm and the approximated conversion of Cu(I)Br by disproportionation vs
the number of equivalents of Me6-TREN is shown in Figure 10.2b. As suspected a
maximum in disproportionation ~ 69% was observed at 0.5 equivalents of Me6-TREN.
The degree of disproportionation rapidly decreases at higher and lower amounts of Me6TREN added. With 1 equivalent of Me6-TREN added relative to Cu(I)Br, the
disproportionation conversion is only 16.4%. According to the literature the Kdisp for
Cu(I) in DMSO is 1.5-4.4 M-1. While, it is now thought that the form of the
disproportionation in the presence of ligand does not follow the general equilibrium
expression for disproportionation (equations 2 and 5) and it is clear that UV-vis
spectroscopy is not a completely precise determinant of disproportionation due to the
effect of colloidal Cu(0), an adjusted disproportionation constant based on the original
expression can be calculated. For 0.5 equivalents of Me6-TREN at K*disp = 1.05  103 M-1
(Table 10.2) and for 1.0 equivalents of Me6-TREN added K*disp = 3.6  101 M-1 (Table
10.2) representing a 1 to 3 orders of magnitude enhancement relative to the ligandless
case.
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Figure 10.2 - UV-vis spectra of the solution of Cu(I)Br ([Cu(I)Br] = 0.00333 M) in the
presence of varying amounts of Me6-TREN relative to Cu(I)Br in DMSO (a) or 10% H2O
in DMSO (c) as solvent and the absorbance at the 960 nm maximum (blue dots) and the
corresponding conversion of Cu(I)Br into Cu(0) and Cu(II) (red diamonds) in DMSO (c)
or 10% H2O in DMSO (d) as solvent . The dashed line represents either the UV-vis
spectrum of Cu(II)Br2 at the concentration ([Cu(II)Br2] = 0.00165 M) expected if 100%
disproportionation occurs or the absorbance intensity at the concentration of Cu(II)Br2
([Cu(II)Br2] = 0.00165 M) expected from 100% disproportionation.
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Table 10.2 - Approximate Ligand-Dependent Kdisp of Cu(I)Br Determined via UV-vis
Spectroscopy.
No
Solvent
Kdisp
Kdisp at various
Equivalents of
At 1 equiv. of
Me6-TREN
Me6-TRENb
1
Acetone
4.12  102 / 0.50
1.89  102
2
Acetone/ 10% H2O
8.66  102 / 0.67
4.38  102
1
3
DMAC
4.99  102 / 0.33
5.5  10
4
DMF
9.75  102 / 0.50
6.7  101
5
DMF/ 10% H2O
9.18  102 / 0.50
2.74  102
1
6
DMSO
1.05  102 / 0.50
3.6  10
7
DMSO/ 10% H2O
2.14  104 / 0.50
8.5 101
8
EC
6.3  101 / 0.70
3.7  101
2
9
EtOH
1.85  10
2.09  102 / 0.67
n.d. / 2.00a
10 H2O
1 .40  103
11 MeOH
2.63  103 / 0.90
7.48  102
2
12 MeOH/ 10% H2O
5.9  102 / 0.90
4.84  10
13 NMP
4.75  102 / 0.33
8.5  101
14 PC
7.3  102 / 2.00
5.1  101
a
n.d. = not determined, absorbance indicates greater than 100% disproportionation. bKdisp
observed at the most effective concentration of ligand for disproportionation in that
solvent.

While the maximum at 0.5 equivalent of Me6-TREN in DMSO is striking, it does
not necessarily imply that our equation for disproportionation equilibrium is accurate.
Unfortunately, the addition of ligand concentration to the disproportionation equilibrium
expression (equation 6) prohibits a simple analytical solution. However, using the
assumptions that (1) Cu(I)Br/Me6-TREN, Cu(II)Br2/Me6-TREN, and Me6-TREN are the
only dissolved species (i.e. no unligated or multigated species), (2) the ligandless Kdisp =
4.4 M-1, and (3) using I and II values from literature,57 numerical solutions for
[Cu(I)Br]o<[L]o could be attained (See Experimental Section). Additionally, the
disproportionation equilibrium was modeled for all range of [L]o in DMSO with a series
of ordinary differential equations (ode15s solver as implemented by MATLAB ®
680

R2007a) (See Experimental Section). The results obtained by the two methods were in
extremely close agreement, and were compared with the experimental results for the
disproportionation conversions of Cu(I)Br in DMSO (Figure 10.3). The experimental
values for disproportionation were normalized to 100% for 0.5 equivalents of Me6TREN, due to the aforementioned underapproximation resulting from subtraction of the
colloidal Cu(0) contribution to the UV-vis spectra and the uncertainty in the experimental
values for Kdisp , I, and II reported in the literature. As can be seen in Figure 10.3 the
experimental results and the predicted values are in very good agreement given the
uncertainties of the assumed parameters, confirming the validity of the model. Beyond
improving the accuracy of the assumed parameters, more complete models for the
disproportionation of Cu(I)Br into Cu(0) and Cu(II)Br2 would take into account the role
of Cu(0) colloid formation their agglomeration, and the respective roles of Cu(0) colloids
and bulk/agglomerated Cu(0) on comproportionation.
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Figure 10.3 - Comparison of experimental UV-vis spectra of the disproportionation of
Cu(I)Br in DMSO as a function of the equivalents of Me6-TREN (black circles) with the
extent of disproportionation predicted by numerically solving the equilibrium expression
(blue squares) or through modeling of the disproportionation through ordinary differential
equations (red diamonds).
10.2.2 Disproportionation in Solvents that Stabilize Cu(0) Colloids

As mentioned in the previous section and as will be discussed in greater detail in a
later section, it was observed that DMSO stabilizes the formation and suspension of
colloidal Cu(0). This colloid stabilization hinders the accurate determination of the extent
of disproportionation by UV-vis spectroscopy. However, through the baseline correction
discussed in the previous section an approximate, though underestimated degree of
disproportionation can be determined. It must be stressed, that in no way should these
calculated values for the effective disproportionation constants be viewed as
quantitatively accurate, especially when a solvent that stabilizes colloidal Cu(0) is
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employed. For DMSO it was determined that at 0.5 equivalents of Me6-TREN to Cu(I)Br,
K*disp = 1.05  103 M-1 (Table 10.2) and for 1.0 equivalents of Me6-TREN, K*disp = 3.6 
101 M-1 (Table 10.2). Literature reports place the Kdisp in DMSO in the absence of ligand
at between 1.5 and 4.4 (Table 10.1). Thus, it is evident while the presence of a ligand that
stabilizes Cu(II)Br2 enhances disproportionation, enhancement is highly dependent on the
amount of ligand added.
In a recent report,16 it was demonstrated that the kinetics of SET-LRP are
cooperatively and synergistically determined by a variety of factors including solvent
polarity and the extent of disproportionation in the reaction medium. The extent of
disproportionation is likewise cooperatively and synergistically determined by the type
and amount of ligand employed as well as the solvent. In an earlier report the kinetics of
SET-LRP in binary mixtures of H2O and organic solvents was explored.15 There, it was
shown that kpapp increased linearly with addition of H2O. The increase in kpapp was
correlated with solvent polarity, which increased with the addition of H2O, but the role of
enhanced disproportionation in aqueous media could not be neglected. Figure 10.2c
shows the UV-vis spectra of Cu(I)Br in 10% H2O in the presence of varying amounts of
Me6-TREN. Figure 10.2d plots the absorbance at 960 nm as well as the estimated extent
of disproportionation versus the amount of Me6-TREN. With 1 equivalent of Me6-TREN
added the K*disp = 8.5  101 M-1 (Table 10.2), more than double the value for DMSO
alone. The same maximum in the extent of disproportionation is observed at 0.5
equivalents of Me6-TREN, consistent with the model. Here the K*disp = 2.14  104 (Table
10.2), more than four orders of magnitude greater than with DMSO alone. Thus, it is
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clear that the presence of H2O significantly enhances the degree of disproportionation in
DMSO.
Electrochemical experiments place the extent of disproportionation in DMF (Kdisp
= 1.82  104 M-1 ) (Table 10.1) significantly higher than in DMSO (Kdisp = 1.5-4.4 M-1 )
(Table 10.1). UV-vis spectroscopy (Figure 10.4a,b) demonstrates that at 1 equivalent of
Me6-TREN K*disp = 67 M-1 (Table 10.2) and that like with DMSO a maximum in the
extent of disproportionation is observed at 0.5 equivalents of Me6-TREN with a K*disp =
9.75  102 M-1 (Table 10.2). While, the K*disp at 1.0 equivalents of Me6-TREN is higher
than for DMSO, consistent with the trends from electrochemical data, the magnitude of
the difference is less by over 100-fold. Furthermore, at 0.5 equivalent of Me6-TREN
where maximum disproportionation is observed for both DMSO and DMF, the K*disp for
DMF is slightly lower than for DMSO. Thus, it is evident that the electrochemical data,
while helpful in a qualitative manner is certainly not as quantitatively accurate for
disproportionation in the presence of ligand or perhaps in non-polarographic conditions
entirely. Additionally, it appears that even the trends from electrochemical studies may be
inaccurate under certain conditions. The disproportionation of Cu(I)Br in DMF/ 10%
H2O was also examined (Figure 10.4c,d). Like in the case of DMSO, the addition of 10%
H2O increased the magnitude of disproportionation at 1.0 equivalents of Me6-TREN
((K*disp = 2.73  102 M-1). However, at the maximum disproportionation observed at 0.5
equivalents of Me6-TREN, the K*disp is slightly lower than the corresponding value for
DMF alone (Table 10.2). For both DMF and DMF/ 10% H2O, colloidal Cu(0) is
stabilized as evidenced by visual inspection and the baseline shift in the UV-vis spectra.
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Figure 10.4 - UV-vis spectra of the solution of Cu(I)Br ([Cu(I)Br] = 0.00333 M) in the
presence of varying amounts of Me6-TREN relative to Cu(I)Br in DMF (a) or 10% H2O
in DMF (c) as solvent and the absorbance at the 960 nm maximum (blue dots) and the
corresponding conversion of Cu(I)Br into Cu(0) and Cu(II) (red diamonds) in DMSO (b)
or 10% H2O in DMF (d) as solvent. The dashed line represents either the UV-vis
spectrum of Cu(II)Br2 at the concentration ([Cu(II)Br2] = 0.00165 M) expected if 100%
disproportionation occurs or the absorbance intensity at the concentration of Cu(II)Br2
([Cu(II)Br2] = 0.00165 M) expected from 100% disproportionation.

Structurally, DMAC resembles DMF. However, electrochemical data concerning
the disproportionation of Cu(I)X in DMAC is not available. UV-vis studies (Figure
10.5a,b) demonstrate that the disproportionation in DMAC is very similar to that of
DMF. At 1.0 equivalent of Me6-TREN, K*disp = 5.5  101 M-1 (Table 10.2), only slightly
lower than that of DMF. However, a slightly earlier maximum of disproportionation is
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observed at 0.33 equivalents of Me6-TREN with K*disp = 4.99  102 M-1 (Table 10.2).
NMP is similar to DMAC in its disproportionation behavior (Figure 10.5c,d). At 1.0
equivalent of Me6-TREN, K*disp = 8.5  101 M-1 (Table 10.2), slightly higher than that of
DMAC, while at the same maximum at 0.33 equivalents of Me6-TREN, NMP exhibits an
almost identical extent of disproportionation (Table 10.2). For both, NMP and DMAC the
stabilization of colloidal Cu(0) is confirmed visually and through the baseline elevation in
UV-vis experiments.
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Figure 10.5 - UV-vis spectra of the solution of the Cu(I)Br ([Cu(I)Br] = 0.00333 M) in
the presence of varying amounts of Me6-TREN relative to Cu(I)Br in DMAC (a) or NMP
(c) as solvent and the absorbance at the 960 nm maximum (blue dots) and the
corresponding conversion of Cu(I)Br into Cu(0) and Cu(II) (red diamonds) in DMAC (b)
or NMP (d) as solvent. The dashed line represents either the UV-vis spectrum of
Cu(II)Br2 at the concentration ([Cu(II)Br2] = 0.00165 M) expected if 100%
disproportionation occurs or the absorbance intensity at the concentration of Cu(II)Br2
([Cu(II)Br2] = 0.00165 M) expected from 100% disproportionation.
10.2.3 Disproportionation in Solvents that do not Stabilize Cu(0) Colloids

The study of the disproportionation of Cu(I)Br in acetone revealed that unlike
DMSO, DMF, DMAC, or NMP colloidal Cu(0) is not stabilized, but rather ‘nascent’
Cu(0) agglomerates and precipitates rapidly resulting in a clear solution allowing for a
more precise measurement of the amount of Cu(II)Br2 in solution without needing to
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correct for a shift in the baseline. While literature states that acetone is a poor solvent for
disproportionation (Kdisp = 0.03 M-1) (Table 10.1), UV-vis measurements suggest
otherwise (Figure 10.6a,b). At 1.0 equivalents of Me6-TREN K*disp = 1.89  102 M-1
(Table 10.2), higher than the corresponding value for DMSO, DMAC, DMF, and NMP.
Like DMSO and DMF, a maximum in the extent of disproportionation is observed at 0.5
equivalents of Me6-TREN (K*disp = 4.12  102 M-1 (Table 10.2)). Addition of 10% H2O
acetone (Figure 10.6a,b), demonstrates the expected increase in disproportionation for 1.0
equivalents of Me6-TREN (K*disp = 4.38  102 M-1 (Table 10.2)). Similarly, the maximum
disproportionation is increased, K*disp = 8.66  102 M-1 (Table 2), but the maximum
occurs at a slightly higher level of Me6-TREN, 0.67 equivalents.
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Figure 10.6 - UV-vis spectra of the solution of Cu(I)Br ([Cu(I)Br] = 0.00333 M) in the
presence of varying amounts of Me6-TREN relative to Cu(I)Br in acetone (a) or acetone/
10% H2O (c) as solvent and the absorbance at the 960 nm maximum (blue dots) and the
corresponding conversion of Cu(I)Br into Cu(0) and Cu(II) (red diamonds) in acetone (b)
or acetone/ 10% H2O (d) as solvent. The dashed line represents either the UV-vis
spectrum of Cu(II)Br2 at the concentration ([Cu(II)Br2] = 0.00165 M) expected if 100%
disproportionation occurs or the absorbance intensity at the concentration of Cu(II)Br2
([Cu(II)Br2] = 0.00165 M) expected from 100% disproportionation.

With EC (Figure 10.7a,b) and PC (Figure 10.7c,d), the inability to stabilize
colloidal Cu(0) is also observed, except interestingly for high levels of Me6-TREN in EC.
In EC, the extent of disproportionation with 1.0 equivalent of Me6-TREN was very
similar to that of DMSO (Table 10.2). However, this value may be artificially elevated as
EC needed to be heated past its melting point of 35 °C. The maximum disproportionation
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for EC was at 0.7 equivalents of Me6-TREN and was less than double the value at 1.0
equivalents, K*disp = 6.3  101 M-1 (Table 10.2). While PC had similarly low values for
the extent of disproportionation with 1.0 equivalents of Me6-TREN as EC, K*disp = 5.1 
101 M-1 (Table 10.2), it exhibited a particularly broad and shallow maximum at 2.0
equivalents of Me6-TREN. The fact that maxima in disproportionation for EC and PC
occur at loading levels of Me6-TREN in excess of the predicted maxima at 0.5
equivalents, may be due to the solvents ability to the weaken the copper ligand binding.
In previous work,15-16 it was shown that EC,15 PC,15 and binary mixtures of organic
solvents composed predominantly of EC16 deviated from the kpapp vs polarity trend line.
This deviation is perhaps due to the cooperative and synergistic effects of lower Kdisp in
EC and PC as well as their inability to stabilize colloidal Cu(0).
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Figure 10.7 - UV-vis spectra of the solution of Cu(I)Br ([Cu(I)Br] = 0.00333 M) in the
presence of varying amounts of Me6-TREN relative to Cu(I)Br in EC (a) or PC (c) as
solvent and the absorbance at the 960 nm maximum (blue dots) and the corresponding
conversion of Cu(I)Br into Cu(0) and Cu(II) (red diamonds) in EC (b) or PC (d) as
solvent. The dashed line represents either the UV-vis spectrum of Cu(II)Br2 at the
concentration ([Cu(II)Br2] = 0.00165 M) expected if 100% disproportionation occurs or
the absorbance intensity at the concentration of Cu(II)Br2 ([Cu(II)Br2] = 0.00165 M)
expected from 100% disproportionation.

MeOH (Kdisp = 4-6.3  103 M-1) (Table 10.1) and EtOH (Kdisp = 3.6 M-1) (Table
10.1) are both solvents that were shown in the literature to mediate effective
disproportionation of Cu(I)X in the absence of N-Ligand. Despite the relatively high
disproportionation constants listed, it was shown that alcohols such as MeOH,15 EtOH,15
and methoxyethanol15 as well as their binary mixtures with water,15 binary mixtures of
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organic solvents composed predominantly of MeOH,16 deviated from the kpapp vs polarity
trend line. UV-vis experiments in MeOH (Figure 10.8a,b), MeOH/ 10% H2O (Figure
10.8c,d), and EtOH (Figure 10.8e,f) (Figure 10.8a,b) demonstrate that in these solvents
Cu(0) colloids are not stabilized and agglomerate. For MeOH, the extent of disproportion
when 1.0 equivalents of Me6-TREN is added is the highest of all organic solvents tested
at this ligand loading level, K*disp = 6.3  101 M-1 (Table 10.2), contrary to
electrochemical data which suggests disproportionation in DMF to be more efficient than
MeOH. A maximum in the extent of disproportionation is reached at 0.9 equivalents of
Me6-TREN, K*disp = 2.63  103 M-1 (Table 10.2). Interestingly, the addition of 10% H2O
to MeOH (Figure 10.8c,d) reduces slightly the extent of disproportionation at 1.0
equivalents of Me6-TREN and significantly the extent of disproportionation at 0.9
equivalents of Me6-TREN (Table 10.2). As suggested by electrochemical, UV-vis
experiments confirm that EtOH while still competent is not as effective for mediating the
disproportionation of Cu(I)Br. At 1.0 equivalents of Me6-TREN added, K*disp = 1.85 
102 M-1 (Table 10.2) and a maximum is reached at 0.67 equivalents of Me6-TREN, K*disp
= 2.09  102 M-1 (Table 10.2). The fact that alcohols achieve their maximum value for
disproportionation, at levels of Me6-TREN in excess of 0.5 equivalents is perhaps related
to specific H-bonding interactions between solvent and ligand, or decreased binding
efficiency of the ligands to Cu in the more polar solvent.
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Figure 10.8 - UV-vis spectra of the solution of Cu(I)Br ([Cu(I)Br] = 0.00333 M) in the
presence of varying amounts of Me6-TREN relative to Cu(I)Br in MeOH (a), MeOH/
10% H2O (c), or EtOH (e) as solvent and the absorbance at the 960 nm maximum (blue
dots) and the corresponding conversion of Cu(I)Br into Cu(0) and Cu(II) (red diamonds)
in MeOH(b), MeOH/ 10% H2O (d) or EtOH (f) as solvent. The dashed line represents
either the UV-vis spectrum of Cu(II)Br2 at the concentration ([Cu(II)Br2] = 0.00165 M)
expected if 100% disproportionation occurs or the absorbance intensity at the
concentration of Cu(II)Br2 ([Cu(II)Br2] = 0.00165 M) expected from 100%
disproportionation.

Literature

data

indicates

that

H2O

exhibits

the

highest

degree

of

disproportionation in the absence of ligand (Kdisp = 106-107 M-1) (Table 10.1). Therefore,
it is not surprising that UV-vis experiments exhibited more efficient disproportionation
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than any of the organic solvents tested (Figure 10.9). At 1.0 equivalents of Me6-TREN
added, K*disp = 1.40  103 M-1 (Table 10.2). Maximum disproportionation is achieved at
2.0 equivalents of Me6-TREN.While H2O alone does not appear to stabilize Cu(0)
colloids, at very high levels of Me6-TREN (2.0-3.0 equivalents) the absorption of
Cu(II)Br2/Me6-TREN

exceeds

slightly

the

value

corresponding

to

100%

disproportionation.

Figure 10.9 - UV-vis spectra of the solution of Cu(I)Br ([Cu(I)Br] = 0.00333 M) in the
presence of varying amounts of Me6-TREN relative to Cu(I)Br in H2O as solvent and the
absorbance at the 960 nm maximum (blue dots) and the corresponding conversion of
Cu(I)Br into Cu(0) and Cu(II) (red diamonds) in H2O as solvent (b). The dashed line
represents either the UV-vis spectrum of Cu(II)Br2 at the concentration ([Cu(II)Br2] =
0.00165 M) expected if 100% disproportionation occurs or the absorbance intensity at the
concentration of Cu(II)Br2 ([Cu(II)Br2] = 0.00165 M) expected from 100%
disproportionation.
10.2.4 Analysis of Cu(0) Prepared by Disproportionation in Various Solvents by
Dynamic Light Scattering

In the previous section, it was suggested via visual inspection and by a shift in the
baseline of UV-vis measurements as well as Cu(0) specific absorption, that certain
solvents stabilize Cu(0) colloids, notably DMSO, DMAC, DMF, NMP, and their
mixtures with H2O. It was also suggested that certain solvents do not stabilize Cu(0)
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resulting in their agglomeration, notably acetone, MeOH, EtOH, EC, PC, and H2O.
Quantitative Dynamic Light Scattering (DLS) experiments were used to confirm this
observation and characterize the particle size distribution in each solvent. Indeed as
suggested by visual observation and UV-vis measurements, Cu(0) prepared in acetone,
MeOH, PC, and H2O do not form a colloidal suspension but rather agglomerate and settle
(Table 10.3). However, DMSO (Figure 10.10), DMSO/10% H2O (Figure 10.10) and,
DMF (Figure 10.11) do indeed stabilize Cu(0) suspensions allowing for the
characterization of particle size by DLS (Table 10.3). For DMSO and DMSO/10% H2O
mixture bimodal distributions in particle size are observed with 1.0 equivalents of Me6TREN with Z-average diameters of 758 nm and 792 nm respectively. Decreasing the
ligand concentration to 0.5 equivalents, which increases the extent of disproportionation
increases the particle size formed to 950 nm and 1430 nm for DMSO and DMSO/10%
H2O, respectively but also changes the distribution from bimodal to unimodal.
Decreasing the amount of ligand further to 0.1 equivalents, which reduces the extent of
disproportionation, results in a bimodal distribution with Z-average particles sizes in
between those formed from 1.0 equivalents of Me6-TREN and 0.5 equivalents of Me6TREN. DMF which has a slightly larger disproportionation constant than DMSO exhibits
a unimodal particle size with 1.0 equivalents of Me6-TREN with a Z-average particle
diameter of 1134 nm. Decreasing the ligand loading level to 0.5 equivalents, which
increases the extent of disproportionation in DMF, results in a bimodal distribution with
increased Z-average particle size, though a clear secondary distribution centered at 105
nm is observed. Further, decreasing the ligand level to 0.1 equivalents retains the
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bimodality, but the centers of the two size distributions are nearly doubled. Likewise, the
contribution of the smaller distribution qualitatively appears to be less significant. Earlier
work13 suggested that the kpapp of SET-LRP is strongly related to particle size as the
activation process is surface mediated. It is clearly demonstrated here that the Cu(0)
particles prepared via disproportionation in DMSO and DMF are at a maximum 1-3  in
diameter, far smaller and therefore far more reactive than the 45-75 particles typically
used in Cu(0)-powder catalyzed SET-LRP.

696

Table 10.3 - Analysis of the Particle Size of Cu(0) Prepared via Disproportionation of
Cu(I)Br in the Presence of Me6-TREN by Dynamic Light Scattering.
Me6-TREN Z-average Diameter
(equivalents)
(nm)
1.0
agglomerates and settles

No 1.

Solvent

1

Acetone

2

DMSO

1.0

757

Bimodal

3

DMSO

1.0

93

Unimodal

filtereda

4

DMSO

1.0

92

Unimodal

filtered, a equilibratedb

5

DMSO

1.0

640

Unimodal in presence of Cu(0) wire

6

DMSO

0.5

950

Unimodal

7

DMSO

0.5

106

Unimodal

filtereda

8

DMSO

0.5

92

Unimodal

filtered, a equilibratedb

Shape

Notes

9

DMSO

0.1

871

Bimodal

10

DMSO

0.1

68

Unimodal

filtereda

11

DMSO

0.1

6

Unimodal

filtered, a equilibratedb

12

DMSO/ 10% H2O

1.0

792

Bimodal

13

DMSO/ 10% H2O

0.5

1423

Unimodal

14

DMSO/ 10% H2O

0.1

880

Bimodal

15

DMF

1.0

1134

Unimodal

16

DMF

0.5

1356

Bimodal

17

DMF

0.1

2609

Bimodal

18

H2O

1.0

agglomerates and settles

19

MeOH

1.0

agglomerates and settles

20

PC

1.0

agglomerates and settles

a

Larger particles were excluded by passing through 0.45  filter. b Measurements taken
after equilibration for 1h, followed by filtration through a 0.45  filter.
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Figure 10.10 - Particle Size Distributions for Cu(0) prepared via disproportionation in
DMSO with 1.0 equivalents of Me6-TREN (a), DMSO with 0.5 equivalents of Me6TREN (b), DMSO with 0.1 equivalents of Me6-TREN (c), DMSO/ 10% H2O with 1.0
equivalents of Me6-TREN (d), DMSO/105 H2O with 0.5 equivalents of Me6-TREN (e),
and DMSO/ 10%H2O with 0.1 equivalents of Me6-TREN (f). Z-average particle
diameters are shown in red, while the centroid(s) of unimodal and bimodal distributions
are shown in black. Error bars for each bin are also shown.
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Figure 10.11- Particle Size Distributions for Cu(0) prepared via disproportionation in
DMF with 1.0 equivalents of Me6-TREN (a), with 0.5 equivalents of Me6-TREN (b), and
with 0.1 equivalents of Me6-TREN (c). Z-average particle diameters are shown in red,
while the centroid(s) of unimodal and bimodal distributions are shown in black. Error
bars for each bin are also shown.

While the maximum particle size obtained in Cu(0) stabilizing solvents may be 13  in diameter, smaller particles are observed, often as a distinct bimodal distribution.
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To test for the presence of these smaller particle sizes Cu(0) particles prepared in DMSO
in the presence of 1.0, 0.5 and 0.1 equivalents of Me6-TREN were filtered through 0.45 
filter (Figure 10.12). Here, smaller particle size distributions with Z-average diameter,
148 nm, 178 nm, and 163 nm were observed for Cu(0) particles prepared in the presence
of 1.0, 0.5 and 0.1 equivalents of Me6-TREN respectively. If the same experiments were
conducted such that filtration was performed after 1h of equilibration no change was
observed for the cases of 1.0 and 0.5 equivalents, respectively. However, after
equilibration and filtered of Cu(0) prepared in DMSO in the presence of 0.1 equivalents
of Me6-TREN, DLS indicated very small particles with a size distribution centered at 6
nm. At 6 nm, true nanoparticles are evidently composed of only a few thousand Cu(0)
atoms, which may have markedly enhanced reactivity. In SET-LRP ‘nascent’ Cu(0) will
be consumed as it is formed and may not have a chance to reach even nanoparticles size
before it is consumed. This may explain why in SET-LRP particulate or colloidal Cu(0)
is not actually visualized.
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Figure 10.12 - Particle Size Distributions for Cu(0) prepared via disproportionation in
DMSO with 1.0 equivalents of Me6-TREN, DMSO with 0.5 equivalents of Me6-TREN,
and DMSO with 0.1 equivalents of Me6-TREN after filtration through a 0.45 filter
(a,b,c), and after equilibration for 1h followed by filtration through a 0.45 filter (d,e,f).
Z-average particle diameters are shown in red, while the centroid(s) of unimodal and
bimodal distributions are shown in black. Error bars for each bin are also shown.

In other work, it was demonstrated that Cu(0)-wire was a simple and effective
catalyst for SET-LRP.14 It was suggested that improved reaction control may be due to
the monodispersity of the wire catalyst and role as a nucleation site for Cu(0) deposition,
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perhaps limiting the effect of the smallest particle size. A separate experiment was
conducted where Cu(0) was prepared via disproportionation in the presence of a Cu(0)
wire (Figure 10.13). Here it is demonstrated that the presence of the Cu(0)-wire
eliminates the bimodality typically observed for Cu(0) prepared in DMSO in the presence
of 1.0 equivalent of Me6-TREN. Additionally, the Z-average particle size is slightly
smaller than in the absence of Cu(0)-wire. This experiment suggests that the presence of
an existing Cu(0) surface does indeed template the growth of Cu(0) and provides a more
uniform size distribution. This result may help to explain why, even though ‘nascent’
Cu(0) is prepared in situ from Cu(I)Br, the nature of the initial Cu(0) source most-notably
its surface area determines the overall kinetics of the reaction. Additionally, the
nucleation of Cu(0) on the surface of Cu(0)-wire or powder may also explain why
colloidal or particulate Cu(0) is not visualized in SET-LRP. It must of course be stressed
that all DLS experiments, and all UV-vis experiments for that matter, are conducted in
the absence of dormant chain-ends. In an actual polymerization ‘nascent’ Cu(0) prepared
in situ by disproportionation may be consumed quicker than bulk Cu(0), or other
agglomerated Cu(0) species.
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Figure 10.13 ‐ Particle Size Distributions for Cu(0) prepared via disproportionation in
DMSO with 1.0 equivalents of Me6-TREN in the presence of 20 gauge Cu(0) wire. Zaverage particle diameter is shown in red, Error bars for each bin are also shown.
10.2.5 Perspective on UV-vis and DLS Experiments

Understanding the disproportionation of Cu(I)X into Cu(0) and Cu(II)X2 is
critical to the development of SET-LRP. Here, it was demonstrated that the
disproportionation of Cu(I)X into Cu(0) and Cu(II)Br2 is determined not only by the
solvent but also by the concentration of ligand employed. A new expression for the
disproportionation equilibrium is presented and validated by comparison of experimental
results

with

mathematical

models.

UV-vis

studies

indicate

that

maximum

disproportionation typically occurs at 0.5 equivalents of Me6-TREN added, as predicted
by the model. From the UV-vis data, approximate values of the disproportionation
constant were determined. In the case of solvents that stabilize colloidal Cu(0), great
caution must be taken in assessment of the magnitude of disproportionation as the degree
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of disproportionation is very likely strongly underestimated due to the absorption and
scattering from Cu(0). The values are qualitative at best, but suggest that while accurate
in some cases, trends from electrochemical data on disproportionation may not be
applicable to disproportionation in SET-LRP conditions, perhaps in largest part because
of the role of coordinating ligand.
It was observed that in the cases of DMAC, DMF, DMSO, and NMP, Cu(0)
colloids were stabilized in suspension, while in the case of acetone, EC, EtOH, MeOH,
PC, and H2O, larger particles agglomerate and precipitate. In a previous study and
accompanying work, it was demonstrated that the kpapp vs solvent polarity in the SETLRP of MA in DMAC, DMF, DMSO, NMP, acetone, and their binary mixtures with H2O
could be correlated with a single linear regression. However, EC, EtOH, MeOH, PC, and
binary mixtures composed predominately of EC or MeOH, deviated strongly from this
line. It is also found that the within the classes of stabilizing solvents, the level of ligand
(i.e. extent of disproportionation) and solvent composition, affects the particle size
distribution. It is proposed here that in addition to the polarity and extent of
disproportionation in a solvent-ligand mixture, the kinetics of SET-LRP are also
cooperatively and synergistically controlled by the ability of that mixture to stabilize
Cu(0) colloids and control their particle size. DMSO is a unique solvent that is relatively
polar, promotes extensive disproportionation of Cu(0), especially at lower ligand loading
levels, and stabilizes colloidal Cu(0) making it a particularly adept solvent for SET-LRP.
Alone most other solvents do not exhibit all of the beneficial properties of DMSO, but
through the preparation of binary mixtures can be made to resemble DMSO.
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These disproportionation experiments do not completely mimic the conditions of
SET-LRP, specifically the consumption of ‘nascent’ Cu(0) and bulk Cu(0) by dormant
chains, to form the propagating macroradicals, the consumption of Cu(II)Br2/Me6-TREN
by propagating macroradicals, or the exothermic polymerization process. Even so, the
results regarding optimal Me6-TREN loading level are important for the design of SETLRP conditions starting from Cu(0)-powder, Cu(0)-wire, or from Cu(I)X/Me6-TREN. In
the case of Cu(0)-powder, SET-LRP is typically conducted with [Initiator]o/[Cu(0)]o/[Ligand]o

= 1/0.1/0.1. Thus at maximum 0.1 equivalents of Cu(I)Br can be

generated during initiation resulting in 1:1 ratio of ligand to Cu(I)Br. Depending upon the
solvent employed this ratio may not be ideal for maximum disproportionaation, and less
ligand would need to be employed. In Cu(0)-wire catalyzed SET-LRP polymerization is
usually conducted with a large excess of Cu(0)-wire vs initiator and ligand. Thus, the
amount of ligand needed to achieve maximum ideal disproportionation needs to be
calibrated for the length of wire used. Forthcoming work will detail the effect of ligand
loading level in the Cu(0)-wire catalyzed SET-LRP process. In the Cu(I)X/Me6-TREN
catalyzed SET-LRP process, the amount and size distribution of Cu(0) is determined
entirely by disproportionation. Therefore, conditions of solvent composition and ligand
loading level can be used to tune the kinetics. These results are not only applicable for
optimization of SET-LRP conditions, but have implications for any reaction that will
attempt to harness the reactivity of ‘nascent’ Cu(0) or for which disproportionation is a
nuisance rather than productive.
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10.3 Conclusion
UV-vis measurements indicate that the extent of disproportionation of Cu(I)X in
the presence of ligand under conditions similar to SET-LRP are not accurately predicted
by electrochemical data from the literature. It is therefore unwise to attempt to utilize
electrochemical data in the evaluation of the SET-LRP mechanism. Additionally, it was
demonstrated through UV-vis and DLS experiments that solvents such as DMAC, DMF,
DMSO, NMP, and their mixtures with H2O stabilize colloidal Cu(0), while
disproportionation in other solvents results in agglomerated Cu(0). UV-vis measurements
in solvents that stabilize colloidal Cu(0) are prone to significant under-approximation due
to the inability to accurately remove the contribution of Cu(0) absorption and scattering.
Nevertheless, some trends in the extent of disproportionation could be determined, and it
was clearly demonstrated that the extent of disproportionation is dependent on the ligand
to Cu(I)Br ratio. In solvents such as DMSO maximal disproportion occurs close to 0.5
equivalents of Me6-TREN to Cu(I)Br, as predicted by a revised equilibrium expression
for disproportionation. Finally, UV-vis and DLS experiments indicate that the extent of
disproportionation, the stabilization and the size distribution of Cu(0) are modulated by
the solvent composition and ligand concentration, providing important variables to
consider in the optimization of SET-LRP processes.

10.4 Experimental
10.4.1 Materials. Acetone (Fisher, certified ACS, 99.7%), Cu wire (20 gauge from

Fisher), Cu(II)Br2 (Aldrich, 99+%), N,N-dimethylacetamide (DMAC) (Acros, 99%),
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N,N-dimethylformamide (DMF) (Fisher, certified ACS, 99.9%), dimethyl sulfoxide
(DMSO) (99.9%, Acros), ethanol (Decon laboratories, 200 proof, 100%), ethylene
carbonate (98%, Aldrich), methanol (MeOH) (Fisher, certified ACS, 99.9%), 1-methyl-2pyrrolidone (NMP) (Alfa Aesar) and propylene carbonate (Aldrich, anhydrous, 99.7%)
were used as received. Hexamethylated tris(2-aminoethyl)amine (Me6-TREN) was
synthesized as described in the literature.59

10.4.2 Techniques. The UV-vis spectra were recorded on a Shimadzu UV-visible

spectrophotometer UV-1601 with Shimadzu/UVProbe software. Samples were prepared
in an Innovative Technology, Inc glove-box under N2 atmosphere. Dynamic light
scattering measurements (DLS) were performed with a Malvern Instruments particle sizer
(Zetasizer® Nano S, Malvern Instruments, UK) equipped with 4mW He-Ne Laser 633nm
and avalanche photodiode detector positioned at 175 to the beam and termperature
controlled cuvette holder. Samples were prepared in the glove box in a quartz glass
cuvette equipped with a septum sealed cap.

10.4.3 Preparation of Cu(I)Br. To a stirring solution of Cu(II)Br2 (7.3 g, 0.0327 mol) in

5 mL of water at room temperature, was slowly added a solution of Na2SO3 (3.8 g, 0.003
mol, anhydrous) in water (25 mL, 1.21 M). After all the Na2SO3 was added and the
mixture was stirred thoroughly, Cu(I)Br precipitated. The mixture was then poured into a
solution of Na2SO3 (0.5 g, anhydrous) and 1 mL of concentrated HBr (40%) in H2O (500
mL). The supernatant liquid was carefully decanted and the precipitate was quickly
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collected on a Büchner funnel. The Cu(I)Br was then washed with glacial acetic acid (5
 10 mL), followed by absolute ethanol (4  10 mL) and anhydrous ether (4  10 mL).
The white solid was dried under reduced pressure and stored under N2 in a glove-box.

10.4.4 Preparation of UV-vis samples. The UV-vis samples of Cu(I)Br were prepared

in a glove-box under N2 atmosphere. Freshly prepared Cu(I)Br (~1.4 mg) were loaded
into a UV-vis cuvette (optical path length, 10 mm). 3 mL of degassed ligand-solvent
mixture solution was delivered into the cuvette by gas-tight syringe to achieve a 3.33 mM
solution of Cu(I)Br. The cuvette was sealed and taken out of the glovebox for the UV-vis
measurements.

10.4.5 Modeling of Disproportionation Equilibrium by Simultaneous Numerical
Approximation
Equilibrium Equations Considered
K
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Numerical Approximation

From equation E8, we can substitute for [Cu2+/L] and [Cu+/L] using equations E4 and E6.
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K disp

The total copper [Cu]total in the system is equal to the amount of Cu+ added to the system
initially, [Cu]o. Therefore:

Cu    Cu    Cu 2   Cu 0   Cu  / L   Cu 2 / L 
o

(E10)

Since the amount of [Cu0] will always be equal to the total amount of [Cu2+]



Cu    Cu    Cu  / L   2 Cu 2   Cu 2 / L 
o



(E11)

Additionally, the total amount of ligand in can be expressed as follows where [L] is free
ligand:

 Lo   L  Cu  / L   Cu 2 / L 

(E12)

Equations E4 and E6 can be substituted into equation E11 to provide :
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From equation E9 we know that:
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Thus,
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Substituting equation E15 into equations E14 and E12 provides:
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Through computer-assisted algebra equation E16 can be solved as for [L]:
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And equation E17 can be solved for [L]:
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The experimental concentration of [Cu+]o = 3.33  10-3 M from the UV-vis studies, Kdisp
= 4.4 (from electrochemical data),

38-39

I=6.3x108 (measured in aqueous solution),57 and

II= 2.69x1015 (measure in aqueous solution)57 can be substituted into equations E18 and
E19. Finally, simultaneous numerical solution of [L] and [Cu+/L] to equations 18 and 19
can be found, for different values of [L]o. From [L]o, [L] and [Cu+/L], [Cu2+/L], [Cu+],
[Cu2+], [Cu0] and the extent of disproportionation can be calculated. To verify the validity
of the numerical solution the sum of the calculated values of [Cu+], [Cu2+], [Cu+/L],
[Cu2+/L] and [Cu0] were confirmed to be equal to [Cu+]o = 3.33  10-3 M.

10.4.6 Modeling of Disproportionation Equilibrium by a Series of Ordinary
Differential Equations

Using the same parameters for [Cu+]o , Kdisp, I and II as used in the
numerical solution (see above), MATLAB ® R2007a was used to simulate
the disproportionation via a series of ordinary differential equations using
the ode15s algorithm.
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The annotated disproportioant_start.m and disproportionation.m files are provided:

Disproportionation_start.m
clear all;
% Reaction Mechanism
%
% CuI + L <--> CuIL

(kb1/ka1)

% CuII + L <--> CuIIL

(kb2/ka2)

% 2CuI <--> Cu(0) + CuII

(kd1/kc1)

% CuI + CuIL <--> Cu(0) + CuIIL

(kd2/kc2)

% 2CuIL <--> Cu(0) + CuIIL + L

(kd3/kc3)

%Initial Conditions and Definitions

L=0.0033*[L]o ; % Provide your desired [L]o
CuI=0.0033; % Provide your desired [Cu+]o
CuII=0; % Initial concentration of Cu2+

CuIL=0; % Initial concentration of Cu+/L
CuIIL=0; % Initial concentration of Cu2+/L
Cu0=0; % Initial concentration of Cu0/L
bI=6.3e8; % I value – change for other ligands is employed or if more
accurate value is available
bII=2.69e15; % II value – change for other ligands is employed or if
more
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accurate value is available
Kdis=4.4;

% disproportionation value for electrochemistry, can be

changed
for more accurate value or different solvent system
Kdis2=bII*Kdis/bI
Kdis3=bII*Kdis/(bI^2)
ka1=1; %Reverse reaction set as 1
kb1=ka1*bI; %Forward reaction set as I
ka2=1;
kb2=ka2*bII;
kc1=1;
kd1=kc1*Kdis;
kc2=1;
kd2=Kdis2*kc2;
kc3=1;
kd3=Kdis3*kc3;
%Start Simulation
kvalue=[kb1 ka1 kb2 ka2 kd1 kc1 kd2 kc2 kd3 kc3];
conc=[L CuI CuII CuIL CuIIL Cu0];
y0=[L CuI CuII CuIL CuIIL Cu0];
tmax=[0 1e7];
options = odeset('AbsTol',1e-13,'RelTol',1e13,'BDF','off','Stats','on','Events','off');
%----------------------------------------------------------------------------------tic;
[t,x]=ode15s('Dist',tmax,y0,options,kvalue,conc);
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toc;
fid = fopen('Dist1.dat', 'w');
fprintf(fid,'time(min) extent L CuI CuII CuIL CuIIL Cu0 totL totCu\n');
for i=1:10:max(size(t))
tim=t(i)/60;
extent=1-((x(i,2)+x(i,4))/(CuI+CuIL));
totL=x(i,1)+x(i,4)+x(i,5);
totCu=x(i,2)+x(i,3)+x(i,4)+x(i,5)+x(i,6);
fprintf(fid,'%g %g %g %g %g %g %g %g %g
%g\n',tim,extent,x(i,1),x(i,2),x(i,3),x(i,4),x(i,5),x(i,6),totL,totCu);

end % for i

status = fclose(fid);
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Disproportionation.m
function varargout = Dist(t,y,flag,a,b,c,d,e)
switch flag
case ''

% Return dy/dt = f(t,y).

varargout{1} = f(t,y,a,b);
otherwise
error(['Unknown flag ''' flag '''.']);
end
%kvalue=[kb1 ka1 kb2 ka2 kd1 kc1 kd2 kc2 kd3 kc3];
%conc=[L CuI CuII CuIL CuIIL Cu0];
% ------------------------------------------------------------% 1 L

4 CuIL

% 2 CuI

5 CuIIL

% 3 CuII

6 Cu0

% ------------------------------------------------------------function dydt = f(t,y,a,b,c,d,e)
dydt = zeros(6,1);
% set rate constants
kb1=a(1);
ka1=a(2);
kb2=a(3);
ka2=a(4);
kd1=a(5);
kc1=a(6);
kd2=a(7);
kc2=a(8);
kd3=a(9);
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kc3=a(10);
% set up rate equations
R1=kb1*y(2)*y(1);
R2=ka1*y(4);
R3=kb2*y(3)*y(1);
R4=ka2*y(5);
R5=kd1*y(2)*y(2);
R6=kc1*y(3);
R7=kd2*y(2)*y(4);
R8=kc2*y(5);
R9=kd3*y(4)*y(4);
R10=kc3*y(5)*y(1);

% set up differential equations
dydt(1)=-R1+R2-R3+R4+0.5*R9-R10;
dydt(2)=-R1+R2-R5+2*R6-R7+R8;
dydt(3)=-R3+R4+0.5*R5-R6;
dydt(4)=R1-R2-R7+R8-R9+2*R10;
dydt(5)=R3-R4+R7-R8+0.5*R9-R10;
dydt(6)=0.5*R5-R6+R7-R8+0.5*R9-R10;

% -------------------------------------------------------------
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CHAPTER 11
Thio-Bromo “Click Chemistry” as a Tool for the Synthesis of Dendrimers
and Dendritic Macromolecules
(Adapted with permission from references 1 and 2. Copyright 2009 John-Wiley & Sons.)

11.1 Introduction
As discussed in Chapter 2, dendrimers and dendrons are monodisperse branched
non-biological macromolecules constructued via divergent3-8 or convergent9-13 synthesis
that hold great promise for a variety of applications.14-16 Our laboratory is concerned with
the elaboration of synthetic methods, techniques, and strategies for the synthesis and
retrostructural analysis of self-organizable dendrons, dendrimers, 17-37 and dendronized
polymers38-50 and their application as functional materials. Self-assembly often demands
monodisperse building blocks, and thus self-assembling dendrons and dendrimers are
most often prepared through convergent synthesis. However, it was recently
demonstrated that periphery functionalization of low-generation non-self-assembling
poly(propyleneimine) (PPI) dendrimers4,

7-8

prepared through divergent synthesis with

self-assembling dendrons, results in self-assembling dendronized dendrimers.51 It would
be of great benefit to develop a general method for the mediation of self-assembly of
dendrimers prepared through divergent synthesis using inexpensive commercially
available building blocks. Additionally, approaches are needed for the self-organization
of other dendritic macromolecules prepared through a combination of dendrimer
synthesis and living radical polymerization (LRP), i.e. the irreversible TERminator
Multifinctional INIator (TERMINI) method.52-56 While, the TERMINI method was
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effective in producing well defined dendritic macromolecules, a convenient approach to
the periphery functionalization of these dendrons with moieties that would mediate their
self-organization was not readily available. A simple approach for the divergent synthesis
of dendrimers and dendritic macromolecules that are sufficiently monodisperse and can
be readily functionalized at their periphery is still needed.
Recently, reports have emerged detailing the synthesis of dendrimers57 and
dendritic macromolecules58-61 via copper-catalyzed azide alkyne cyclization (CuAAc)62
or Click-chemistry.63 In this report, we describe the development of a new thio-bromo
“Click” reaction that allows for the installation of branches onto -bromoesters. These
branches can be directly converted to new -bromoesters thereby providing an
unprecedented approach to the divergent synthesis of poly(thioglycerol-2-propionate)
(PTP) dendrimers. The -bromoester chain ends can be used as macroinitiators for the
synthesis of star-polymers via SET-LRP.64-86 Additionally, the versatility of the thiobromo “Click”-chemistry will ultimately allow for the installation of periphery groups
that will mediate self-assembly and self-organization of these dendrimers. The
combination of this iterative dendrimer synthesis with SET-LRP to provide access to
dendritic poly(methyl acrylate) en route to achieving the self-organization of dendritic
macromolecules.

11.2 Results and Discussion
In order to ascertain the chain-end functionality of polyacrylates produced by
SET-LRP a combination of 1H-NMR and MALDI-TOF techniques were employed.66, 69,
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71-75, 77

To prove chain-end functionality through MALDI-TOF or differentiate between

different types of polymer chain ends it is often useful to globally or selectively convert
those chain ends into other functional groups. It was recently reported that the bromoester and -iodoester chain ends of polyacrylates produced via SET-LRP undergo
rapid and quantitative SN2 displacement with thiophenol in the presence of potassium
carbonate as base.69,

71

The high rate and perfection of this thioetherification,

demonstrated that this reaction could indeed be classified as a new “Click” reaction.63
Studies into this thio-bromo/iodo nucleophilic “Click” reaction revealed that this
thioetherification is compatible with a diversity of thiols and remarkably the enhanced
nucleophillicity of –SH allows for selective thioetherification of 4-mercaptophenol and 2mercaptoethanol resulting in no detectable O-etherification.
Hawker87 previously utilized thioglycerol (3-mercapto-1,2-propanediol) as a
branching point for the divergent synthesis of dendrons via UV-activated thiol-ene
radical Click-chemistry.88-90 Using thioglycerol as a branching unit, we report the
synthesis of dendrimers through an iterative two-step process involving the first
nucleophillic thio-“Click” reaction followed by acylation with 2-bromopropionyl
bromide (Scheme 11.1). Here, only the dendritic -bromoester macroinitiators were
isolated and characterized, though the intermediate polyester dendrimer with hydroxy
peripheries are likely to have similar utility as bis(MPA) dendrons of Hult91 and Fréchet92
or the polyether dendrimers of Allcock,93 Fréchet,94 and Haag.95 While thioglycerol is the
only commercially available aliphatic thiol-diol we have also reported here a new
synthetic

route

to

an

alternative

branched

thiol-diol

(2-(mercaptomethyl)-2-

metyhlpropane-1,3-diol)96 via ring opening of 3-methyl-3-oxetanemethanol with 48%
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HBr,97 followed by displacement of the resulting alkyl bromide with NaSH (Scheme
11.2).98 This building block has also been demonstrated compatible with the thio-bromo
“Click-reaction” and iterative dendrimer synthesis. Additionally, 2-thiobarbituric acid has
been found to be compatible with the “Click” thio-etherification in DMSO, but neither 2thiobarbituric acid nor the resulting dendrimers are soluble in CH3CN the more volatile
solvent of choice, for “Click” thio-etherification. However, only the structures produced
via the original building block, thioglycerol, will be reported and discussed (Scheme
11.3).
As mentioned previously, the base-mediated thio-bromo “Click”-reaction was
initially developed for the end-capping of Br-capped poly(acrylate)s in DMSO or
DMSO/alcohol mixtures using K2CO3 as base.69, 71 Application of this thio-etherification
for the synthesis of dendrimers results in the generation of molecules with a large number
of surface hydroxy groups, resulting in general insolubility in less polar organic solvents
such as THF or CH2Cl2. The reaction works well in DMSO and DMSO mixtures,
however, DMSO as well as DMF suffer from low volatility making their removal from
the dendrimer tedious. Acetone is an effective solvent for thio-etherification, but in the
case of dendrimer synthesis results in side-reactions. Fortuitously, it was discovered that
relatively volatile CH3CN is a very effective solvent for the thio-etherification reactions.
In the original thio-etherification reaction for chain-end capping of linear poly( acrylate)s,
K2CO3 was used a base. Once again, for dendrimer synthesis the use of K2CO3 resulted in
side-product formation. Alternative aromatic amine bases such as pyridine and 2,6-ditert-butyl-4-methylpyridine were investigated but were shown to be very inefficient in
mediating thio-etherification. However, both Et3N and Hünig’s base were found to be
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extremely efficient bases for the deprotonation of the thiol-prior to thioetherification
when CH3CN was used as solvent. Et3N is the preferred base as it is less expensive and
during the thio-etherification the resulting Et3NHBr salt precipitates allowing for easy
purification. In all thio-bromo click reactions, 1.20 equivalents of thioglycerol and Et3N
per -bromoester were utilized to ensure rapid and complete thioetherification. The thiobromo “Click” reaction is extremely rapid achieving complete conversion in 5 min for
the synthesis of PTP dendrimers and only 45 min for the synthesis of G4 PTP
dendrimers. It should be noted that the high rate of reaction is coupled with a large
exotherm at the beginning of the reaction and thus care should be taken to add reagents
slowly, particularly for large scale preparations.
After the thio-etherification, the dendrimer presents primary and secondary
alcohol at the periphery (Scheme 11.3). In the present examples, this polyol dendrimer is
not purified, but used crude in a subsequent acylation with dry 2-bromopropyionyl
bromide in the presence of amine base. Excess 2-bromopropionyl bromide must be used
as residual thioglycerol is present from the previous reactions. Acylated thioglycerol is
subsequently removed from the dendrimer via column chromatography. While, the
acylation is proceeds in the presence of Et3N, better yields are achieved using pyridine as
base. For the acylation of second and third generation PTP dendrimers 1.5 equivalents of
2-bromopropionyl bromide and 1.58 equivalents of pyridine were used per hydroxy
group. For the acylation of fourth generation PTP dendrimers, 2.0 equivalents of 2bromopropionyl bromide and pyridine are required to achieve complete conversion.
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Scheme11.1 - Iterative divergent synthesis of dendrimers via thio-bromo Click-chemistry
and acylation

Scheme 11.2 - Alternative thiol for iterative thio-bromo “Click”-chemistry and
subsequent acylation.
Using this approach, generation 1 (G1) to generation 4 (G4) PTP dendrimers were
prepared (Scheme 11.3). PTP dendrimers with 2-bromopropionoate periphery groups can
serve as 4-arms, 8-arms, 16-arms, and 32-arms macroinitiators for the production of star
polymers via SET-LRP.64-86 As reported previously, pentaerythritol can be acylated with
2-bromopropionyl bromide to create a tetrafunctional initiator pentaerythritol(tetrakis 2bromopropionate) (4G1-Br) (Scheme 11.3).66,99 Treatment of 4G1-Br with thioglycerol
in the presence of Et3N results in formation of the thioester 4G1-TG (In this
nomenclature TG, refers to the presence of thioglycerol-derived moieties at the periphery
as shown in Scheme 11.3) in under 5 min. Crude 4G1-TG can be exhaustively acylated
with 2-bromopropionyl bromide to produce 8G2-Br (83 % over two steps) (In this
nomenclature, Br represents the presence of 2-bromopropionyl-bromide derived moieties
at the periphery). Using the same iterative procedure 16G3-Br (86 % over two steps) and
32G4-Br (72% over two steps) were also prepared. While higher generation dendrimer
synthesis was still extremely rapid, each iterative step results in a doubling of the number
of thio-etherification and acylation reactions, thus the relative reaction times increased
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proportionally. Figure 11.1 shows the gel-permeation chromatography (GPC) traces of
4G1-Br, 8G2-Br, 16G3-Br, and 32G4-Br which all exhibit high purity (99+%) and
narrow polydispersity. GPC for high molecular weight dendrimers is not suitable for the
precise determination of dendritic purity, the percentage of molecules with the precisely
described molecular topology. The dendritic purity of PTP dendrimers was more
accurately determined via MALDI-TOF mass spectrometry. For G1-G3 PTP dendrimers,
a single peak corresponding to the structurally perfect dendrimer is observed. For the G4
dendrimer, a very small secondary peak corresponding to the loss of a single fourth
generation arm was observed in MALDI-TOF. At this time, it is not known if this sidepeak was due to laser-mediated cleavage (in-source or post-source decay) during
MALDI-TOF or if it was a side-reaction occurring during synthesis. Regardless of
whether the small secondary peak in the MALDI-TOF of the G4 PTP dendron is an
artifact or a true side-product, the dendritic purity for G1-G3 dendrimers is 100%, and
above 90% for G4 PTP dendrimers. This degree of dendritic purity is typically only
observed for dendrons prepared via convergent methodologies, which limit the number of
reactions per iterative growth step and the number of distinct side-products to eliminate
via purificiation. The synthesis of PTP dendrimers proceeds via a divergent approach and
due to the “Click” nature of the thio-etherification, appears to exhibit far greater dendritic
purity

than

other

dendrimers

prepared

via

divergent

routes.

For

example,

poly(propyleneimine) PPI dendrimers have been studied extensively through ESI-MS100
and MALDI-TOF101 and at generation 4 (G4) can exhibit dendritic purity as low as 10%.
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Scheme 11.3 - Synthesis of G1-G4 polyester/thioether dendrimers/macroinitiators.
Reagents and Conditions: i) thioglycerol, Et3N, CH3CN, 25 C.; ii) 2-bromopropionyl
bromide, pyridine THF or CH2Cl2, 0 C
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Figure11.1 . GPC Traces of G1-G4 dendrimers prepared via iterative thio-bromo
“Click”-Chemistry and acylation

11.3 Application - Dendritic Macromolecules through a “Branch and
Grow Strategy”
The Percec laboratory is interested in the development of synthetic methods,
techniques, and strategies for the synthesis and retrostructural analysis of self-organizable
dendrons, dendrimers, and dendronized polymers and their application as functional
materials. Techniques to mediate the synthesis and self-organization of a related
topological class that involves dendritic macromolecules is of major concern. Previously,
728

the use of self-regulated Cu2O-mediated LRP102-110 of MMA initiated by sulfonylchlorides was disclosed for the synthesis of dendritic macromlecules from commercial
monomers.52-56 This approach utilized masked sulfonyl-dichlorides, termed TERminator
Multifunctional INitiators (TERMINI)s, that irreversibly terminate growing chains with a
vinyl tert-butyl dimethyl silyl ether whose two N,N’-diethyl thiocarbamate end-groups
can be unmasked to reveal new sulfonyl chloride sites for reinitiation. Recently, the
TERMINI concept was expanded by Gnanou for living anionic polymerization.111 These
methods are complementary to those developed for the synthesis of dendrimer-like starpolymers derived from ethylene oxide,112-117 -caprolactam,118-120 or styrene.121 While an
incredibly powerful method for the elaboration of well-defined dendritic polymers,
TERMINI did not provide a particularly facile approach for the attachment of periphery
groups that would aid self-organization.
As discussed in Chapters 7, 8, 9, and 10, the Percec laboratory has recently
developed Single-Electron Transfer Living Radical Polymerization (SET-LRP) as a rapid
and

robust

tool

for

the

synthesis

of

poly(acrylates),

poly(methcrylates),

poly(acrylamides), and poly(vinyl chloride) with tailored molecular and perfect retention
of chain end functionality.64-86 In previous work, 4G1-Br was used as a tetrafunctional
initiator for the synthesis of 4-arm star poly(methyl acrylate) PMA.66 In the preceeding
subsection it was mentioned that the bromo-terminated G1 to G5 PTP dendrimers could
also serve as macroinitiators for 4-64 arms star polymers via SET-LRP. Through the
combination of the two steps-iterative approach to PTP dendrimers with Cu(0)/Me6TREN/CuBr2-catalyzed SET-LRP of MA, a new three-steps “branch” and “grow”
approach to dendritic macromolecules wherein PMA connects the branching sub-units is
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achieved (Scheme 11.4).2 Dendritic PMA was prepared using similar conditions as
optimized previously for the synthesis of PTP dendrimers. The -bromoester chain-end
of PMA can be click functionalized with 1.25 equivalents-per chain-end of thioglycerol
and Et3N. Exhaustive acylation with 2.0-2.85 equivalents-per –OH group of 2bromopropionyl bromide in the presence of 2.0-3 equivalents-per –OH group of pyridine
provides two new initiator sites equivalent in structure to methyl 2-propionyl bromide
(MBP), a standard initiator for SET-LRP. SET-LRP initiated from these sites, provide the
next generation of dendritic polymer. Due to the perfect chain-end fidelity of SET-LRP,
each PMA chain-end can be used in subsequent thioetherification with thioglycerol and
acylation with 2-bromopropionyl bromide.

Scheme 11.4 - Three-step branch and grow strategy employing sequential thio-bromo
click chemistry and SET-LRP.
The application of this iterative approach to the synthesis of G1-G4 dendritic
PMA and G2-G5 dendritic macroinitiators was demonstrated (Scheme 11.5). In each case
SET-LRP polymerization was only subjected to a crude work-up and used directly in the
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thio-bromo click reaction. Yields were obtained for the two-step polymerization and thioetherification process, as well as for the subsequent acylation.

Scheme 11.5 Synthesis of G2-G5 dendritic polymers/macroinitiators. Reagents and
conditions: i) Cu(0), Me6-TREN, CuBr2, methyl acrylate, DMSO, 25 C.; ii) thioglycerol,
Et3N, CH3CN.; iii) 2-bromopropionyl bromide, pyridine, CH2Cl2.
As indicated in previous studies with star polymers prepared via SET-LRP lowlevels of added CuBr2 provide perfect control over the molecular weight evolution and
distribution.66,

122

In

the

synthesis

of

4G1-PMA-Br,

a

reactant

ratio

of

[MA]0/[I]0/[Cu(0)]0/[Me6-TREN]0/[CuBr2]0 = 111/1/0.025/0.03/0.005 was employed and
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the reaction mixture was stopped at 46% conversion so as to achieve an average DP = 13
for each arm at generation 1 (Table 11.1, entry 1). Thioesterification provided 4G1PMA-TG (TG denotes the presence of a thioglycerol-derived moiety capping each PMA
chain-end as shown in Scheme 11.5), which was exhaustively acylated to the
octafunctional initiator 8G2-PMA-Br2 (Br2 indicates the presence of two -bromoesters
capping each periphery thioglycerol-derived moiety as shown in Table 11.1). The
iterative “branch” and “grow” strategy was used in the synthesis of up to G5 dendritic
macronitiator 64G5-PMA-Br2 (Scheme 11.5). It should be noted that while the
thioetherification always utilized 1.25 equivalents of thioglycerol per-polymer chain end,
at higher generation the equivalents of moisture sensitive 2-bromopropionyl bromide was
increased from 2.0 equivalents to 2.8 equivalents per –OH group in order to insure
complete conversion. Prior to running a preparative scale polymerization, the kinetics of
polymerization were optimized. The polymerization conditions, apparent rate constant of
propagation, kpapp, and theoretical molecular weights, M(th), are reported in Table 10.1
and the representative kinetic plots are shown in Table 10.1. For, 8G2-PMA-Br, the
polymerization was stopped at 46% conversion providing an average DP = 20 for each
arm at the second generation (Table 11.1, entry 2). For 16G3-PMA-Br, the
polymerization was stopped at 60% conversion providing an average DP = 29 for each
arm at the third generation (Table 11.1, entry 3). For 32G4-PMA-Br, the polymerization
was stopped at 53% conversion providing an average DP =25 for each arm at the fourth
generation (Table 11.1, entry 4). In the latter polymerization the reaction was extremely
rapid, and kinetics of the polymerization were reported under slower conditions to
demonstrate the linear evolution of molecular weight with conversion (Table 11.1, entry
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5). In all polymerizations, except for the small scale polymerization to produce 32G4PMA-Br a significant induction period was encountered. This was due to incomplete
degassing of the larger scale reaction mixtures. Longer freeze-pump thaw cycles will
eliminate this induction period. After the induction period, a living polymerization
following first-order kinetics was observed. The dendritic PMA bearing 4 to 64 terminal
-bromoesters can be used directly as dendritic macroinitiators for polymerization of
various monomers via SET-LRP or ATRP.
Table 11.1 Cu(0)/Me6-TREN/CuBr2-Catalyzed SET-LRP of Methyl Acrylate (MA)
Initiated with Dendritic Macroiniators in DMSO at 25 C
No.
1
2
3
4
5
a

Compound
4G1-PMA
8G2-PMA
16G3-PMA
32G4-PMA
32G4-PMA

Initiator
4G1-Br
8G2-Br
16G3-Br
32G4-Br
32G4-Br

[MA]0/[I]0/[Cu(0)]0/
[Me6-TREN]0/[CuBr2]0
111/1/0.025/0.03/0.005a
333/1/0.050/0.06/0.010b
777/1/0.100/0.12/0.020b
1554/1/0.400/0.48/0.080
1554/1/0.400/0.96/0.080b

DMSO/MA
(v/v)
10.0 mL/ 5.0 mL
8.0 mL/ 8.0 mL
9.0 mL/ 9.0 mL
1.5 mL/ 1.0 mL
32.0 mL/ 4.0 mL

Conv(%)/
Time (min)/
Mw/Mn
46/35/1.30
46/20/1.18
60/40/1.14
53/1/1.18
53/166/1.18

kpapp 10-3
(min-1)
12
15
37
NA
8

M(th) 
103
5.1
19.6
62.3
132.6
138.0

<425 m Cu(0) powder b <45 m Cu(0) powder
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Figure 11.2 Representative kinetic plots of SET-LRP of a) G1, b) G2, c) G3, and d) G4
dendritic arms.
Figure 11.3 shows the gel permeation chromatography (GPC) traces for G1-G4
dendritic PMA polymers exhibiting unimodal molecular weight distributions and narrow
polydispersities. Conversions and M(th) were calculated via NMR through comparative
integration of the peaks corresponding to the interior of the dendritic macroinitiator with
the monomer. For all dendritic macromolecules we observed 1H-NMR signals at 1.302.70 ppm corresponding to main protons (-CH2- and –CH- ), 3.7 ppm corresponding to
734

the –OCH3 side groups, and a peak at ~4.2 ppm corresponding to the -bromo-ester
chain-end. These peaks overlap with many of the peaks from the ester/thioether
branching points. However, the ~ 5.10-5.30 ppm signal corresponding to 2o alcohol of
thioglycerol in the macroinitiators was isolated and used for integral analysis of polymer
conversion. Additionally, the signal at ~4.60 ppm corresponding to the -bromoester of
the branching unit was used to monitor the completion of the acylation and thio-bromo
click reactions.

Figure 11.3 - GPC traces for G1-G4 dendritic PMA.
For 4G1-Br, 4G1-PMA-Br and 8G2-PMA-Br2, the molecular weights and
molecular weight distributions calculated via GPC, MnGPC and Mw/Mn were verified via
HRMS and MALDI-TOF respectively and found to be in excellent agreement. As
expected for dendritic polymers, the molecular weight calculated via calibration of GPC
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traces to a PMMA standards begin to decrease significantly from M(th) at G3 and G4
demonstrating the dendritic effect mediated by the lower hydrodynamic volume (Vh) of
the dendritic vs linear PMA (Figure 11.4).

Figure 11.4 - Dendritic effect on the MnGPC of PMA.

11.4 Conclusion
A powerful approach to the divergent synthesis of a new class of
poly(thioglycerol-2-propionate) (PTP) dendrimers via a two-steps or three-steps sequence
involving a new thio-bromo “Click” reaction was demonstrated. This process was used
for the synthesis of G1-G4 PTP dendrimers which can be used directly as macroinitiators
for the synthesis of star-polymers via SET-LRP. Additionally, as the thio-bromo “Click”chemistry is general for a diverse array of thiols we will examine the effect of periphery
modification with groups that will enable self-organization of PTP dendrimers prepared
via divergent synthesis. This methodology was expanded to the synthesis of dendritic
macromolecules via addition of a third step, SET-LRP of MA. Using this three-step
“branch” and “grow” approach we have detailed the synthesis of G1-G4 dendritic PMA
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and G1-G5 dendritic macroinitiators. Future work, will detail the elaboration of higher
generation dendritic PMA. Additionally, as the thio-bromo click chemistry is general a
diverse array of thiols we will examine the effect of periphery modification with groups
that will enable self-organization of dendritic polymers.

11.5 Experimental Section
11.5.1 Materials
Acetonitrile (CH3CN) (HPLC Grade, Fisher), diethyl ether (Et2O) (Fisher), N,Ndiispropylethylamine (99.5%, Aldrich), dimethylsulfoxide (DMSO) (99.9%, Fisher), 48%
(w/w)

hydrobromic

acid

(Acros),

anhydrous

MgSO4

(Fisher),

3-methyl-3-

oxetanemethanol (98%, Aldrich), pyridine (99.9+%, Fisher), silica gel (60 Å, 32-63 m)
(Sorbent Technologies), sodium hydrosulfide hydrate (Acros), and thioglycerol (98%,
Sigma-Aldrich) were used as received. 2-Bromopropionyl bromide (Aldrich, 97%) and
triethylamine (Et3N) (99%, Fisher) were distilled prior to use. Dichloromethane (CH2Cl2)
(Fisher, ACS reagent grade) was dried over CaH2 and freshly distilled before use.
Tetrahydrofuran (Fisher, ACS reagent grade) was refluxed over sodium/benzophenone
and freshly distilled prior to use. Tetrafunctional initiatiator pentaerythritol(tetrakis 2bromopropionate) (4G1-Br) was prepared according to literature procedures.66,123 and
hexamethylated tris(2-aminoethyl)amine (Me6-TREN) was synthesized as described in
the literature.124 All reactions were conducted under N2 atmosphere.
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11.5.2 Techniques
500 MHz 1H-NMR and 125 MHz 13C-NNMR spectra were recorded on a Bruker
DRX500 NMR instrument at 20 C in CDCl3 or DMSO-d6 with tetramethylsilane (TMS)
as internal standard. The purity of products were determined by a combination of thin
layer chromatography (TLC) on silica gel coated aluminum plates (F254 indicator; layer
thickness, 200 m, particle size, 2-25 m; pore size 60Å, SIGMA-Aldrich), gelpermeation chromatography, and MALDI-TOF or HRMS mass-spectrometry. Gel
permeation chromatographic (GPC) analysis of the polymer samples were conducted on a
Perkin-Elmer Series 10 high performance liquid chromatograph, equipped with an LC100 column over (40 C), a Nelson Analytical 900 Series integration data station, a
Perkin–Elmer 785A UV-VIS detector (254 nm), a Varianstar 4090 refractive index (RI)
detector and two AM gel (500 Å, 5 m and 104 Å , 5 m for low molecular weigh
samples) or three AM gel (500 Å , 10 m; 104 Å , 5 m; 105 Å , 10 m for high
molecular weight samples) columns. THF (Fisher, HPLC grade) was used as eluent at a
flow rate of 1 mL/min. The number (Mn) and weight average (Mw) molecular weights of
the PMA samples were determined with PMMA standards purchased from American
Polymer Standards. Since the hydrodynamic volume of PMA is the same with that of
PMMA, no correction is needed in the determination of Mn for linear polymers. Matrixassisted laser desorption/ionization time-of-flight (MALDI-TOF) analysis was performed
on a Voyager DE (Applied Biosystems) instrument with a 337-nm nitrogen laser (3-ns
pulse width) operating in linear positive ionization mode was used. Internal calibration
was performed using Angiotensin II and Bombesin as standards. The sample analysis was
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performed with 2-(4-hydroxyphenylazo) benzoic acid as the matrix. In a vial, 25 mg of
the matrix was dissolved in 1 mL of THF. Separate solutions of dendrimer or dendritic
PMA (10 mg/mL in THF) and NaCl (2 mg/mL in deionized H2O) were prepared. The
solution for MALDI-TOF analysis was obtained via the mixing of the matrix and
dendrimers solutions in a 5:1 volumetric ratio or matrix, dendritic PMA, and salt
solutions in a 5:1:1 volumetric ratio. Then 0.5 L portions of the mixture were deposited
onto the MALDI plate and allowed to dry at 25 C before the plate was inserted into the
vacuum chamber of the MALDI instrument. The laser steps and voltages applied were
adjusted depending on both the molecular weight and nature of each analyzed compound.
The normal conditions applied were an accelerating potential of 25 kV, 92.5 % on the
grid, and a laser power of 2560.

11.5.3 Synthesis
Thio-Bromo “Click” Reaction and Acylation for the Preparation of Dendrimers

8G2-Br. To a solution of 4G1-Br (1.00 g, 1.48 mmol), and thioglycerol (770 mg, 7.10
mmol) in CH3CN (2 mL) was added a solution of Et3N (718 mg, 7.10 mmol) in CH3CN
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(2 mL) dropwise via syringe at 25 C. Complete conversion was determined via 1H-NMR
and MALDI-TOF after 5 min. The Et3NHBr salts were precipitated in acetone and the
reaction mixture was filtered and concentrated. The crude product was dissolved in
CH2Cl2 (40 mL) and pyridine (1.51 ml, 1.49 g, 18.8 mmol). The reaction mixture was
cooled to 0 C and a solution of 2-bromopropionyl bromide (3.83 g, 17.8 mmol) in
CH2Cl2 (10 ml) was added dropwise via addition funnel over 45 min. The reaction
mixture was stirred for an additional 30 min at which point 1H-NMR and MALDI-TOF
showed the reaction to be complete. The reaction mixture was diluted in Et2O (150 mL)
and washed with H2O (2x25 ml) and saturated aqueous NaHCO3 (3 x 25mL). The
organic phase was dried over anhydrous MgSO4 and concentrated. The crude product
was purified via silica gel chromatography (4:1 Hexanes: EtOAc gradient to 3:1 Hexanes:
EtOAc) to provide the product as an extremely viscous colorless oil (2.28 g, 83% over
two steps). Purity (GPC): 99.9+%. Rf = 0.33 (2:1 Hexanes: EtOAc). 1H-NMR (500 MHz,
DMSO-d6, , ppm): 5.18-5.22 (br, 4H, e), 4.61-4.66 (m, 8H, g), 4.16-4.43 (m, 16H, a+f),
3.65-3.68 (m, 4H, b), 2.88-2.96 (m, 8H, d), 1.69-1.73 (m, 24 H, h), 1.35-1.38 (m, 12H, c).
13

C-NMR (125 MHz, DMSO-d6, , ppm): 171.77, 169.41, 169.38, 169.34, 169.29,

169.16, 169.10, 169.06, 71.99, 71.92, 71.88, 71.81, 71.18, 71.14, 64.58, 64.43, 64.34,
64.30, 62.40, 42.37, 40.76, 40.71, 40.66, 40.54, 40.53, 30.72, 30.66, 30.46, 30.40, 21.64,
21.52, 21.49, 21.41, 21.38, 21.36, 21.33, 17.14, 17.11, 17.01. MALDI-TOF MS calc. for
C53H76Br8O24S4+Na 1887.65, found m/z: 1888.02 [M+Na]+.
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16G3-Br. To a solution of 8G2-Br (1.00 g, 0.53 mmol), and thioglycerol (610 mg, 5.64
mmol) in CH3CN (1.0 mL) was added a solution of Et3N (515 mg, 5.64 mmol) in CH3CN
(0.4 mL) dropwise via syringe at 25 C. Complete conversion was determined via 1HNMR and MALDI-TOF after 20 min. The Et3NHBr salts were precipitated in acetone
and the reaction mixture was filtered and concentrated. The crude product was dissolved
in THF (25 mL) and pyridine (1.08 ml, 1.06 g, 13.4 mmol). The reaction mixture was
cooled to 0 C and a solution of 2-bromopropionyl bromide (2.76 g, 12.8 mmol) in THF
(5 ml) was added dropwise via addition funnel over 20 min. The reaction mixture was
stirred for an additional 3h at 25 C at which point 1H-NMR and MALDI-TOF showed
the reaction to be complete. The reaction mixture was diluted in Et2O (150 mL) and
washed with H2O (2x25 ml) and saturated aqueous NaHCO3 (3 x 25mL). The organic
phase was dried over anhydrous MgSO4 and concentrated. The crude product was
purified via silica gel chromatography (2:1 Hexanes: EtOAc gradient to 1:1 Hexanes:
EtOAc) to provide the product as an extremely viscous colorless oil (1.95 g, 86% over
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two steps). Purity (GPC): 99.9+%. Rf = 0.39 (3:2 Hexanes: EtOAc). 1H-NMR (500 MHz,
DMSO-d6, , ppm): 5.10-5.30 (br, 12H, e+ j), 4.62-4.67 (m, 16H, l), 4.15-4.45 (br, 32H,
a + f + k), 3.60-3.66 (m, 4H, b), 2.80-3.05 (br, 32H, d + g + i), 1.70-1.75 (m, 48 H, m),
1.35-1.42 (br, 36H, c + h).

13

C-NMR (125 MHz, DMSO-d6, , ppm): 171.80, 171.63,

171.58, 169.38, 169.36, 169.32, 169.15, 169.08, 169.29, 72.00, 71.10,70.38, 70.33, 64.58,
64.43, 64.29, 62.33, 42.38, 40.75, 40.71, 40.67, 40.63, 40.54, 40.48, 40.38, 30.76, 30.40,
21.62, 21.49, 21.41, 21.37, 21.35, 21.32, 17.17, 17.10, 17.06, 16.99. MALDI-TOF (m/z):
calcd for C53H76Br8O24S4+Na; found, 4268.09 [M+Na]+.

32G4-Br. To a solution of 16G3-Br (500 mg, 0.118 mmol), and thioglycerol (250 mg,
2.31 mmol) in CH3CN (0.3 mL) was added a solution of Et3N (225 mg, 2.22 mmol) in
CH3CN (0.3 mL) dropwise at 25 C. Complete conversion was determined via 1H-NMR
742

and MALDI-TOF after 45 min. The Et3NHBr salts were precipitated in acetone and the
reaction mixture was filtered and concentrated. The crude product was dissolved in THF
(10 mL) and pyridine (0.61 mL, 0.60 g, 7.5 mmol). The reaction mixture was cooled to 0
C and a solution of 2-bromopropionyl bromide (1.63 g, 7.54 mmol) in CH2Cl2 (5 ml)
was added dropwise via addition funnel over 15 min. The reaction mixture was stirred for
an additional 3h at 25 C at which point 1H-NMR and MALDI-TOF showed the reaction
to be complete. The reaction mixture was diluted in Et2O (150 mL) and washed with H2O
(2x25 ml) and saturated aqueous NaHCO3 (3 x 25mL). The organic phase was dried over
anhydrous MgSO4 and concentrated. The crude product was purified via silica gel
chromatography (4:3 Hexanes: EtOAc) to provide the product as an extremely viscous
colorless oil (0.76 g, 72% over two steps). Purity (GPC) = 99.9+%. Rf = 0.38 (4:3
Hexanes: EtOAc). 1H-NMR (500 MHz, DMSO-d6, , ppm): 5.10-5.40 (br, 28H, e + j +
o), 4.58-4.68 (br, 32H, q), 4.12-4.48 (br, 64H, a + f + k + p), 3.55-3.67 (br, 28H, b +g + l
), 2.78-3.05 (br, 56H, d + i + n), 1.68-1.77 (br, 96 H, r), 1.31-1.43 (br, 84H, c + h + m).
MALDI-TOF (m/z): calcd for C53H76Br8O24S4+Na 9019.63; found, 9031.23 [M+Na]+.

11.5.4 Synthesis of Alternative to Thioglycerol

2-(Bromomethyl)-2-methylpropane-1,3-diol. To a stirring solution of 3-methyl-3oxetanemethanol (10.2 g, 0.10 mmol) in THF (100 ml) was added 48% HBr (34 mL)
dropwise via addition funnel The reaction mixture was allowed to warm to 25 C over
5h. The reaction mixture was diluted with H2O (150 mL) and extracted with Et2O (4 x
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150 mL). The organic phase with dried over anhydrous MgSO4 and concentrated to give
the desired product as a white solid (17.08 g, 93%). 1H-NMR (500 MHz, CDCl3, , ppm):
3.68 (s, 4H, b), 3.55 (s, 2H, d), 2.13 (bs, 2H, a), 0.93 (s, 3H, c).

13

C-NMR (125 MHz,

CDCl3, , ppm): 68.36, 40.71, 39.19, 18.43. HRMS(m/z): calcd for C5H11O2Br 181.9942,
found 181.9917 [M+].

2-(Mercaptomethyl)-2-methylpropane-1,3-diol.

To

a

stirring

solution

of

2-

(bromomethyl)-2-methylpropane-1,3-diol (17.08 g, 93.3 mmol) in DMF (150 mL) was
added 70% NaSH (22.41 g, 28.0 mmol). The reaction mixture was heated to 75 C for
17h. The reaction mixture was cooled to 25 C, diluted with H2O (1L). The aqueous
solution was extracted with EtOAc (3 x 250 mL). The organic phase was dried over
anhydrous MgSO4 and concentrated. Residual DMF was removed via distillation to give
the desired product as a viscous oil yellow oil that crystallizes slowly at room
temperature (5.9g, 46%). 1H-NMR (500 MHz, CDCl3, , ppm): = 3.64 (bs, 4H, b), 2.67
(d, J=8.8 Hz, 2H, d), 2.27 (bs, 2H, a), 1.31 (t, J=8.8 Hz, 1H, e), 0.85 (s, 3H, c).

13

C-

NMR (125 MHz, CDCl3, , ppm ): 68.99, 36.46, 29.25, 17.98. HRMS (CI) calcd for
C5H12O2S 136.0558, found (m/z): 118.0458 [M - H2O].

Typical Procedure for the Thio-Bromo Click Reaction in the Synthesis of Dendritic
Macromolecules.
The Synthesis of 8G2-TG - To a solution of 4G1-PMA-Br in CH3CN (14 mL), from the
previous reaction, was added thioglycerol (0.54 g, 4.99 mmol). Et3N (0.50 g, 4.95 mmol)
744

in CH3CN (6 mL) was added dropwise via addition funnel. 1h after complete addition of
Et3N, conversion was determined to be 100% via MALDI-TOF. The solvent was
removed via rotary evaporation. The polymer residue was dissolved in CH2Cl2 and
washed with water (3x) and saturated aqueous NaCl (1x). The organic phase dried was
dried over anhydrous MgSO4 and concentrated. The solution was precipitated in 100 ml
of cold hexanes to provide the pure polymer (3.6g, 71% over-two steps, MnGPC = 5,383,
Mw/MnGPC =1.25).

16G3-PMA-TG. To a solution of 8G2-PMA-Br in CH3CN (20 mL), from the previous
reaction, was added thioglycerol (0.28 g, 2.59 mmol). Et3N (0.25 g, 2.48 mmol) in
CH3CN (6 mL) was added dropwise via addition funnel. After 15h at 25 C, the reaction
was worked-up according to the general procedure (4.4g, 85% over two steps,
M(th)=19,767, MnGPC = 19,313, Mw/MnGPC =1.18).

32G4-PMA-TG. To a solution of 16G3-PMA-Br in CH3CN (20 mL), from the previous
reaction, was added thioglycerol (0.28 g, 2.59 mmol). Et3N (0.25 g, 2.48 mmol) in
CH3CN (5 mL) was added dropwise via addition funnel. After 15h at 25 C, the reaction
was worked-up according to the general procedure (7.9g, 98% over two steps,
M(th)=62,735, MnGPC = 46,124, Mw/MnGPC =1.14).

64G5-PMA-TG. To a solution of 32G4-PMA-Br in CH3CN (5 mL), from the previous
reaction, was added thioglycerol (32.0 mg, 0.288 mmol). Et3N (29.0 mg, 0.277 mmol) in
CH3CN (5 mL) was added dropwise via addition funnel. After 15h at 25 C, the reaction
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was worked-up according to the general procedure (0.70 g, 73 % over two steps,
M(th)=133,469).

Typical Procedure for the Acylation of Periphery 1,2-Diol Branches in the Synthesis
of Dendritic Macromolecules
The Synthesis of 8G2-PMA-Br2. To a solution of 8G1-PMA-TG (3.6g, 669 mol) in
CH2Cl2 (100 mL) and pyridine (0.88 mL, 10.9 mmol) in a 250 mL round-bottom flask,
was added solution of 2-bromopropionyl bromide (1.12 mL, 10.7 mmol) in CH2Cl2 (15
mL) dropwise via addition funnel at 0 C. The reaction mixture was allowed to room to
warm 25 C and stirred for an addition 15h. The reaction mixture was washed with H2O
(3x), 5% aqueous NaHCO3 (2x), and saturated aqueous NaCl (2x). The organic phase
was dried over anhydrous MgSO4 and the solvent was removed via rotary evaporation.
The resulting polymeric residue was precipitated in hexanes and washed copiously with
MeOH and hexanes and dried under reduced pressure (3.0g, 69%, M(th)=6258, MnGPC =
6234, Mw/MnGPC =1.20; MnMALDI = 6143, Mw/MnGPC =1.16).

16G3-PMA-Br2. To a solution of 16G3-TG (4.4g, 0.223 mmol) in CH2Cl2 (120 mL) and
pyridine (0.63 mL, 7.8 mmol) in a 500 mL round-bottom flask, was added solution of 2bromopropionyl bromide (0.82 mL, 7.8 mmol) in CH2Cl2 (20 mL) dropwise via addition
funnel at 0 C. The reaction was allowed to proceed and worked-up according to the
general procedure (4.6g, 94% yield, M(th) = 21,941, MnGPC = 20,934, Mw/MnGPC = 1.14).
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32G4-PMA-Br2. To a solution of 32G4-TG (7.9g, 126 mol) in CH2Cl2 (200 mL) and
pyridine (0.71 mL, 8.8 mmol) in a 500 mL round-bottom flask, was added solution of 2bromopropionyl bromide (0.93 mL, 8.8 mmol) in CH2Cl2 (20 mL) dropwise via addition
funnel at 0 C. The reaction was allowed to proceed and worked-up according to the
general procedure (7.3g, 87% yield, M(th) = 67,050, MnGPC = 48,209, Mw/MnGPC = 1.17).

64G5-PMA-Br2. To a solution of 64G5-TG (0.70 g, 5 mol) in CH2Cl2 (20 mL) and
pyridine (0.08 mL, 0.992 mmol) in a 100 mL round-bottom flask, was added solution of
2-bromopropionyl bromide (0.10 mL, 0.946 mmol) in CH2Cl2 (5 mL) dropwise via
addition funnel at 0 C. The reaction was allowed to proceed and worked-up according to
the general procedure (7.3g, 67% yield, M(th) = 142,100).
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